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FOREWORD 


This  report  was  prepared  by  the  Systems  Division  of  Avco  Corporation 
under  U.S.  Navy  Contract  N00019-72-C-0298  entitled.  Microstructure  Studies 
of  Pclycrystalline  Oxides. 

The  work  was  administered  under  the  direction  of  the  U.S.  Department 
of  the  Navy,  Air  Systems  Command,  with  Mr.  Charles  F.  Bersch,  Code  AIR- 
52032A,  acting  as  Project  Engineer. 

This  report  covers  work  conducted  from  29  March  1972  to  28  April  1973* 

The  writers  are  pleased  to  acknowledge  the  contributions  of  the  follow¬ 
ing  individuals  to  this  prograr ;  B.  MacAllister  for  mechanical  evaluation, 
C.l.  Houck  for  ceramographic  preparation,  J.  Centorino,  P.  Foley,  G.  Ross, 
and  E.  Vallante  for  materials  preparation,  and  T.  Vasilos  for  useful 
discussions.  Also  Dr.  N.  Dutta  of  the  U.S.  Army  Materials  and  Mechanics 
Research  Center  is  acknowledged  for  helpful  discussions  in  the  area  of 
flaw  analysis. 
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I .  INTRODUCTION 


Three  aspects  of  oxide  fabrication  and  properties  were  studied.  They 
were  treated  as  separate  topics  although  there  were  implications  and  inter¬ 
relations  from  one  topic  to  the  next.  Each  topic  was  at  a  different  stage 
in  development  and  knowledge.  The  press  forging  of  AI2O3  has  been  under 
study  for  a  number  of  years;  thus,  the  current  effort  dealt  with  developing 
the  processing  to  allow  fabrication  of  useful  shapes.  A  few  preliminary 
experiments  on  the  application  of  the  press  forging  process  on  Si^Nij.  are 
reported.  One  year  of  effort  has  been  given  to  finding  the  cause  of  the 
low  strength  AlgO^  tars  in  a  distribution  of  bars  with  various  strengths. 

This  study  was  continued  with  characterization  of  two  new  sources  of  powder 
and  the  resultant  product.  A  new  area  was  undertaken  for  study  this  year 
that  has  an  obvious  interrelationship  with  the  others.  Gaseous  species  in 
hot  pressed  products  are  well  known,  but  their  origin,  level  of  concentration 
and  effect  on  properties  have  received  only  limited  study.  This  initial 
effort  dealt  with  the  identification  of  the  gas  phase,  possible  chemical 
reactions,  and  the  relationship  between  precursor  of  the  AI2Q3  powdor  and 
gases  evolved  from  the  hot  pressed  product. 

II.  PRESS  FORGING  OF  ALUMINA  HEMISPHERES 
A.  General 

Press  forging  polycrystalline  AI3O3  has  previously  established* 
that  high  density  bodies  can  be  achieved' Vith  unique  properties.  High  in¬ 
line  optical  transmissivity  is  obtained  m  a  result  of  nearly  complete  pore 
removal  and  high  crystallographic  texturing.  The  textured  structure  is 
achieved  by  plastic  deformation  primarily  on  the  basal  slip  ays tea.  This 
texture  is  retained  through  primary  reerystalliaat ion. 

Porosity  distributed  throughout  the  structure  may  act  as  preferred 
nucleation  sites  for  the  new  generation  of  grains  during  recrystallication. 
This  process  itself  could  absorb  porosity  or  the  structure  could  be  more 
susceptible  to  continued  deauifi cation  due  to  the  neamesa  of  pores  to  grain 
boundaries;  their  potential  sink.  In-line  light  transmissions  of  60$  at 
0.7  p  wavelength  were  achieved  for  the  forged  material  as  compared  with  a 
maximum  of- '?(%  for  the  best  randomly  oriented  pore -free  AlgO^  available  at 
an  equivalent  thickness.  This  resulted  from  the  preferred  basa?  texture 
eliminating  to  a  large  extent  the  light  diffraction  due  to  birefringence. 
Inverse  pole  figures  demonstrated  that  the  crystal lographis  orientation  was 
strong  but  not  perfect.  The  disorientation  undoubtedly  accounts  for  the 
absence  of  even  higher  optical  transmission  figures. 

Mechanical  strength  was  the  second  property  that  was  enhattcedLas  a 
result  of  forging.  It  was  found  that  the  strength  at  -19^  and i  1200  C 
was  nearly  independent  of  grain  sice  in  the  1-D0  micron  ranger**''  .  Fracture 
strengths  In  the  ISO"0  to  Iw50°C  range  were  over  $9fl>  higher  than  straight 
hot  pressed  material  of  an  equivalent  grain  «isela.  However,  there  was  no 
apparent  effect  of  tvxture  on  the  plastic  properties  between  iV?$o-17O0°C“o. 

Most  recently  thin  sheit  r_-i«ch  diu-eter  hemispheres  Ivave  been 
forged  which  retain  the  crystallographic  orientation  in  the  plane  of  the 
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shell.  The  optical  transparency  was  uniform  throughout  the  full  hemi¬ 
sphere  on  the  best  samples.  During  forging  of  the  sintered  preforms,  edge 
tears  developed  in  the  skirt  of  the  forging,  and  some  of  these  extended 
from  the  0.4-inch  skirt  into  the  hemisphere  portion  of  the  forging.  The 
tearing  was  thought  to  1  cavitation  resulting  from  a  more  rapid  deforma¬ 
tion  than  the  available  mechanisms  could  accommodate  at  the  strain  rate 
imposed.  This  problem  was  one  of  the  subjects  addressed  in  the  current 
effort.  The  second  major  effort  was  aimed  at  developing  the  process  to  the 
point  where  a  specific  geometry  could  be  achieved.  Along  with  this  effort, 
the  process  was  scaled  up  to  a  three-inch  diameter  hemisphere. 

B.  Raw  Materials  and  Preforms 


Vendors  I  and  IX  99* 98$  AIpO?  powder  was  used  for  the  forging 
experiments.  Section  II  includes  a  description  of  these  powders.  Concentra¬ 
tions  between  0.12  and  0,039  weight  percent  MgO  were  added  to  an  alcohol/ 
alumina  slip  in  a  ball  milling  operation.  The  dried  powder  was  ieostatic- 
ally  pressed  at  20  Kpn i  into  cylinders  3  inches  diameter  by  4  inches  long. 
These  were  cut  and  shaped  in  the  green  state  into  circular  right  cylinders 
2-inch  diameter  by  l|-tneh  high  with  a  2-inch  radius  cap.  Some  of  the 
preforms  were  used  in  the  green  state  while  others  were  fired  in  Kg  at 
.1500°b  which  resulted  in  relative  density  of  about  9-5.3$.  It  was  of  interest 
to  forge  some  of  the  higher  density  preforms  as  they  were  expected  to  have 
closed  pores,  and  1%  is  more  soluble  in  AlgO-  titan  other'  gases.- 

C.  Prose  Forging  Procedure 

Forging  runs  were  conducted  in  m  induction  heated  ?S  ton  jsrejm. 
using  dtandard  ambient  graphite  base  hot  pressing  furnace  construe  t  ion 
techniques.  The  fogging  die  was  constructed  frets  high  strength  BH>  Poe©- 
graphite.  The  tsaterlal  warly  etches  the  themal  ex|»«s low  coefficient 
©f.AlgOj.  This  turns  o  to  W-i  big  advantage  in  die  design  a©  dlaans ions'  .. 
can  be  directly  translated.  Also,  prtsbiesas  of  specicsen/die  hhert&ally  induced 
cool  down  con  traints  are  greatly  minimised  using  Pee©  graphite.  The  die. 
was  designed  to  produce'  a.  l.SP-inch  radius  Ssei6.iejS.tcri cal  cap  end  with  a 
0.4- inch  high  tapered  cylindrical  skirt..  A  pinned  top  ATJ  jsur.cl?  was 

Used  which  allowed  hot  ext ruction  ©f  'the  sal©  die.  The  boron  nitride  die 
lubricant  wa©  sprayed,  or  pointed  directly  onto  graphite. '  In  soks  cases, 
graphite  paint  was  used  between  the  wale  punch  and  B8  cover,  coat.-  Ambient 
ataosphere  forgings  were  employed  which  scant  mt  at  the  forging  temperature 
the  atmosphere  va  •  predominantly  '§0  with  a  partial  pressure  of  ©bp  and  A. 

The  argon  penstated  into  the  cavity  froa  the  sight  tube  where  It  was  eaipleyed 
as  a  sight  tube  flush.  Also,  residual  nitrogen  was  expected.. 

The  die  assembly  was  heated  to  the  forging  temperature  in  about 
100  minutes.  The  raa  trawl  was  initiated  and  driven  by  &  aanual  strain 
rate  control.  The  strain  rate  during  the  rapid  deflection  regie©  was 
controlled  tc-  between  i  x  10’***  sec”*  and  1  x  W~^  see”*.  The  above  strain 
rat©?  are  the  beat  present  estimates  of  acceptable  strain  rates  in  the  1650^ 
range.  Cnee  swx'i&ua  pressure  was  reached,  the  deflection  rate  slowed  down 
as  forging  and  densification  case  to. a  coneluHca.  T&e  $peei«e»  was  held 
at  taaxiaaa  temperature  and  pressure  for  some  prescribed  period  of  tine 
.beyond  that  whore  deflection  apparently  ceased.  Saae  dens  if  Scat!  on 
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continues  by  diffusion,  and  there  is  some  evidence  that  multiple  recry- 
stallizaticn  may  take  place  in  this  period-^.  Upon  completion  of  the  run, 
pressure  was  released  and  the  male  punch  extracted. 

D.  Analysis 

The  texture  or  degree  of  crystallographic  orientation  in  forged 
materials  is  best  determined  by  X-ray  diffraction  techniques.  Such  informa¬ 
tion,  of  course,  is  of  great  benefit  in  the  interpretation  of  the  forging 
studies.  Texture  is  completely  described  by  the  construction  of  a  pole 
figure  which  shows  the  distribution  of  the  orientations  of  the  various 
crystallographic  axes  of  the  individual  crysta.lites  in  the  polycrystalline 
body  relative  to  the  axes  of  the  forging  process.  However,  for  the  purpose 
of  evaluating  relative  degrees  of  orientation,  a  simpler  system  was  devised. 

The  diffraction  pattern  of  a  random  (powder)  sample  was  obtained. 
Values  of  f0  (liHvl)  °**  normalized  intensities  defined  by  the  relation 


fodhki)  *-  I(hla) 

X.  KiiW) 


h,k,l 


were  calculated  for  each  of  a  number  of  reflections  from  plane??  at  various 
angular  orientations  with  respect  to  the  basal  plane. 

Similarly,  values*  f(I^p)  were  calculated  fro®  the  diffraction 
pattern  ©f  a  flat  ground .surface  m  a  forged  ??peci men.  The  ratios  of  the 
nontallsed  intensities  for  the  respective  reflections  R(X*jkl)  *  f(Xjjkl) 

which  give  the  relative  intent It/  of  reflection  are  calculated  and  plotted 
against  the  sngic  ^  between  the  plaues  (hki)  and  the. basal  plane. 

.  in  the  ea?e  of  a  random  jt-ovder  sample,  R  has  the  constant  value  of 
unity  over  the  entire  0- range.  In  the  case  o?  a  perfectly  oriented  sample, 

.R  i«  tore  everywhere  except  at  $  -  0  where  it  has  nome  largo  finite  value. 

In  the  ease  of  a  distribution  of  orientation,  in  general,  R  will  decrease 
aonotcfiically  from  0  *  -0  to  0  *  better  the  crystallites  are  aligned, 

the  higher  the  intercept  tt  j  *  0  and  the  steeper  the  drop  with  increasing  0. 

3p*«is*na  js/S-ineb  square  were  extracu  t  frctu  forged  billets.  The 
center  of  these  specimen*  was  Inch  froft  tie  center  of  the  billet  so  a 

comparison  of  orientation  data,  between  billets  gave  an  accurate  view  of 
relative  orientation  without  fully  describing-  relative  orientation  along  a 
radius  In  any  given  billet. 


3.  Forging  Results  and  jfllscn-nsien 

The  experiments  are  listed  chronologically  in  Table  S.  After  an 
initial  cottalsaiening  run  (1636),  *  series  of  five  runs  employing  sintered 
prefoms  were  conducted.  Several  of  these  runs?  .were  quite  successful  and 
new  insight  was  gained  in  this  initial  series.  It  was  determined  after 


Hemispherical  Alumina  Forging  Experiments 


J???? 


-4- 

A, 

It 

» 

id 

»,  4) 

G  *v  i*\ 

i 

4) 

4) 

d  r-i 

4)  SO  -4 

« 

« 

P  ft 

to 

4)  ffl 

O  C4  ♦ 

GOO 

o 

U) 

V  '  X 

£ 

0  ej 

P 

p  § 

:  a  4j  o 

■  a  a  -p 

Gj 

v»  d>. 

'  jtf  d  a 

la  g  a 

o  a 

o 

.-1  q 

PPG 

nd  bt' 

•■  t-  ft  vi 

■  CM 

4) 

Pi  vi 

«  G 

M  x  a 

POP 

O 

4>  tJ 

a  a  p  ■ 

£5  • 

'di 

p 

4)  O 

C  O  G  * 

tsc  d' 

0) 

,  31  vi  O 

«)  ‘ 

a  „ 

fc 

<S  -H  4)  41 

0) 

P 

P  iQ  ♦.  P 

.  U  P 

Ci  O 

u  0 

P3 

U  S3  **  u 

IimiA 

c 

o  <d 

OJ  £  o 

:<y  .  id 

4)  P 

4)  K 

S  o 

•P  -P  X  4J 

ftj  U  X 

o 

4-1  41 

£3  *v  O  G 

£.  »fi 

■C  G 

JG 

h  a 

4)  JG 

y;  « 

,X 

•  P<  P  G  vi 

Ck-P  4> 

JHviC 

Q tP 

>a  4-> 

O  .‘4  Qi 

ft  4)  O 

•v 

o  a 

w  a  a  a 

«  G  P 

K  ■ 

SO  sc 

.«  w 

U  -4  tn  W 

W  C 

P  a 

— t  d  Oi 

ft  4)  X 

vi  *d 

vi  O 

,Q 

a  a  >j  vi 

vi  o  M 

a  m 

go 

M  o  01 

8  ® 

R  s 

.  >  o  g 

a  g 

0) 

o 


a 


r— t 

'O 

to 

p 


41 

-G. 


3  H 

Cm  P 


■d 
0)  w 
X  X 
V  o 

a  cd 
P  p 
o  o 


a  4>  P 
H  #  £  U 
w  ,X  a 
G  o  o  P 

t=i< 

Cm  P  Oft  3> 


— <  CO  £0 

a  u  P 


-C  a 
ft  £.' 

d 

3  ft 

Cm  > 


d 
to  4> 
X  X 
c  o 

£  £ 
o  o 


o 

o 

o 

CM 

ft 


a  0) 
P  sz 
o 

o 
R  U 

•<-1  C 
P  Vi 


0}  •  ft  JG 
-gp>  *d  ~ 

C  G 


ft  0 

ft  o  p 
a  a  x 

Cm  ft  4) 


•p 

JS  .X 
to  O 
vi  a 
ft  p 
1ft  o 


X  « 

Evft 

a?  .’ 

o  o 

*  a  • 

_  W  O  4) 
P<  P  li  H 
K  C  ;p  CO 

ft  O  o  g 
fi 

O  X  -£*  G 
•C  ©  P  O 


OJ  Vi 


^  1 
p 

P  o 

on 

CM 

On 

iH 

LTV 

ir\ 

1C  o 

VO 

ON 

CO 

ON 

CO 

On 

G\, 

• 

» 

• 

* 

• 

• 

S  1) 

on 

ro 

on 

on 

m 

on 

1 

v. 

y-->. 

"Jj  ♦ 

O  if\ 

O  ir\ 

in  O 

O  O* 

in  o 

m  lt\ 

a  g 

O  CO 

rH  VO 

N-CO" 

Cvj  m 

on  oo 

no 

vi  p 

H  » — i 

CV} 

H 

OJ  on 

i — 4 

Ei  d 

'w^ 

w 

vy 

V _ <• 

W  »H 

o 

o 

o 

o 

c 

v 

.  J. 

W  10 

IA 

IT\ 

IA 

LA 

o 

<1)  ft 

CM 

CV] 

CM 

CM 

t— 

- 

/ 

-■Q 

NO  -  - 

vo 

VO 

vA 

%'4 

fCJ  1 

1 

"■ 

.. 

'  •'  r. 

LA 

,a 

ft 


£ 

0 


a 

rH 

p 

p 

S 

a  * 

P  a 

s 

Ctl  »H 

m 

•d 

u>  $x 

g 

w  13 

a 

g 

CO 

ft 


•d 

ft 

0 

o 


OJ 

H  r-1 
I  • 

a  o 


IA 

o 

in 

CO 

co 

§ 

C?N 

00 

CC 

00 

H 

r-f 

_  r-i 

rH 

c 

o 

ft 

£ 


<d 


G 

O 


d 

* 


B 


H 

£ 

s 

rH 

k 

g 

a 

a 

FQ 

a 

w 

g  " 

g 

CM 

on 

on 

- 

o 

On 

On 

On 

• 

• 

» 

• 

OJ 

on 

on 

on 

w 

w 

(0 

to 

w 

to 

w 

w  OJ 

w  0J 

to  OJ 

w  OJ 

.  in 

£w 

hi  p 

•d  $ 
H  C 
0  ft 
O  CO 


I 


w 

P 

_  ® 
3  -e 
d  ® 

O  vi 
O  CO 


VO 

o 

OJ 

co 

CM 

on 

on 

CA 

m 

CO 

CO 

co 

CO 

CO 

p 

rH 

r-J 

rH 

ft 

3 

CO 


-p  = 

a  a  « 
to  «  a 
to  o  to 
3  q 
h  tj 
to  C  o 

C  »  vl 

•  .c 


-5- 


1 « 

S  8. 

TO  05 

o 

3  R-i 
tM  O 


TO 

1  P!  X 

-p 

is  +> 

to  to 

<n 

;  -p>  si 

0  c 

3 

C 

U 

i 

TOt  4; 

TO 

c 

as 

!  v  to 

r-i 

« rl 

CO 

p 

6 

u  a 

cc 

to 

TO  Pi 

■p 

V 

o?  o 

5 

as  0 

oc 

Vr  2 

C 

r-t  TO-I 

U  » 

to  •>  m 

TO 

U 

0  O 

TO 

~  M 

as 

B 

> 

TO  ' 

03 

-P  P 

TO  IA  TO 
§51”  aS 

O 

O  *r-i 
v-0  u 

§ 

O  *n 

xt  • 
WOO 

g 

3 

O  •>  • 

oi  ta 

Pi.*  w 
•ri'  TO  4» 

J3  ca  q 
to  >2 
tv  o 


s 

ca 


o  x: 
a  P> 


X 

a 

C? 

$> 
»— l 

3t 

£ 


■  s4)  « 

as 

O  o 


■P 

o 

c 


'd 
to  to 


to 


o 

„o  «w 


•O  >5 
TO  r-t 
Q  r-i 

3  d 

Ps*  Vi 


X 

1  a 

c  * 

2  *tj  ® 
■(j  a)  v< 

r-t  -P 

TO  «J  1-i 
N  1)  C 
a  -C  -r: 

Vi  »»  •* 
O-P  !0 

o  §  3 
co  B  2 

H  H  'O 


+> 

05 

-V 

& 

nS 

H 

Pi 

sd 

2  . 

3  o 
a  O 

to  ITS 
0)  r~t 

£  VO 
Oi-H 


a. 

cd 

£ 

.05 

8 

•hH 

U 

* 

to 

as 

O  V 


-i 


_U 

*H  O 

q  y 

III 


on 


rA 

3\ 

oA 


o 

ce 


ON 

VO 

on 


VO 


& 


.<*0 


Os 

a' 

(A 


i 

:--  co 

" 

TO  •) 

r  o  cm 

OlAO!- 

o 

OhlAC 

'  !A  O 

-  o  o 

g 

O 

o  o 

-  •.  e  c 

CM  •-< 

VO  CO  IA  VO 

onvo  c-co  co 

:  i^vo 

VO  VO 

VO  ;.- 

W  OO 

•H  «H  I 

' — ' 

•vV'  s**« 

v-i'  t~4 

MS! 

' 

• 

; 

3  *rH 

W  to 

Q  V 

O 

o 

o 

o 

o  o  .-' 

O  O 

O 

O 

SR- 

TO  Pi 

O 

IA 

IT, 

o 

LA 

LA  VA 

O  A 

o 

A 

TO 

,  1- 

ON 

Oi 

tA 

0!  -O 

oj  Cm 

ialM 

A 

C\J 

r  ‘ . 

CO  CM 

-fe 

IA  * 

lA 

V0 

-4" 

VO 

VO  VO  V-  •• 

4-S Q 

VO 

-.  vo 

OjSX' 

•P4 

- 

; 

.  'd 

•'  ;- 

.  . 

TO 

■P 

v 

V 

-c  TO  o 
0  TOO 

.  *A 

tA 

•  -.  IA 

IA 

IA  IA 

tA  LA 

LA  1  A.  . 

A 

c 

A  A 

*  b  IA 

VO 

■  s 

■  iO 

CO  CO 

CO  to 

.  VO  CO 

V— t  . 

■  -co 

V0  CO 

Pi  Svo 

;  ® 

IA 

-  tr> 

<c  ® 

unco 

LA  CO  . 

VO 

CO 

VO  CO 

f-N  1— t 

— c*3  o 

- 

iH 

'  H  H 

Hr  H  — 

rr]  l~t 

H 

ft. 

- 

®  O  Si 

-■  _ - 

'  r  .  -  • 

J .  -  •  ‘ .  ' 

. 

E-l  w  ,Q  T  •  - 

.  ••;-  ■  • 

. 

-•" 

—  ■ 

- 

to  - 

i 

.  •  ‘ 

•'  "  ' 

-  - .  ' 

5 

d 

•  — 

„  --  ,-x 

•rl^ - - 

•  * 

""  '  ’ 

p 
'  *, 

tti 

TO  Jj 
CO  S5 


2. 

a ) 


§ 


a 


J2 

§ 


§ 


|i 

6 


jp 

§ 


g 


PQ 


g 


0  *H 
TOl  TO 
TO  C 
U  4) 
fU  « 


g 

d  , 

ip  p< 

ii 


P) 

<1 

I 


TO 

TO 

9> 

£ 

■d 

H 

0 

o 

-fc 

SB 

IA 

-  co 

H  O 


H 

CO 


w 

w 

2 

I 

O 

o 

o 

& 

A 

m 

»  © 


00  - 

* 


o 

CO 


to 

to 


w  & 
w 


•3 

o 


a 
m 
ft  O 
!  » 
SB  o 


A 
on 
H  O 

t  i 

SS  o 


o 

CO 


TO 

TO 


2  2?  2 

P-i  &  H  W 


•<«  2  2 

o  5  A 

o  to  .  o 

I- 


A 
on 
r-i  O 

se  6 


o 

CO 


•gl 


0- 

IA 

oo 


S' 


> 

t 

.  -4 

ITS  \ 

.  00 

H 

Ov 

0V 

H 

CO 

rH 

S— 

CO 

H 

P- 

co 

r-i 

5 

H 

s 

r-t 

r*f 


K  • 


u 


<D 

« 


-.m 

<U  a3  <D 

3  i-t  -h 
tf-P  H 

fi  tI  Pt 
A  m  A 
O  -P  <SJ 


>> 

■P 

•H  O 
ra  o 

I'D 


* 

1  • 

e  c 

*H  *r-J 

E-t  S 
fl) 


& 


on 


O 

CO 


60 

E 

«rt 

■P 

g 


0) 

CO 


m 

*5. 

s 

M 


i# 

O  *H 
<P  W 

la 


LA 

on 

t-i  o 


m 

Os 

00 

H 


t'\ 

di\ 

co 


o 

SA 


JS 

s 


CO 

r**t 


-6- 


4)  -P 
3  ja  - 
a*  hC  w 

a-rt  a 

H  41  -P 
O  ltd  HI 


t- 

IT\ 

IA 

cr> 

ON 

ON 

• 

• 

» 

ro 

ro 

rO 

o 

VO 


3  <H 

O 

w  w 

o 

o. 

O 

OT  Q< 

i  <y 

LA 

la 

LA 

LA 

CM 

CM 

CM 

CM 

CM 

f 

1 

'  m 

<u 

!  -P 

;  O  o  O 

VO 

VO 

VO 

vo 

:  o  oo 

LA 

la 

LA 

LA 

»  A  LA 

ld- 

t- 

t~* 

CO 

p  C\o 

00 

00 

CO 

00 

a  °  . 

0)  v 

fH  i 

H 

H 

H 

H 

*v 

S 


o 

o 

o 

o 

00 

co 

CO 

CO 

* 

• 

• 

• 

H 

M 

H 

H 

0, 

'  m 

0) 

W 

to 

4> 

w 

a) 

W 

4> 

t/3 

1 

1 

Id 

a* 

1 

ti 

T3 

H 

H 

«} 

1-t 

0 

0 

0 

0 

o 

O 

a 

a 

■S 

la 

on 

cd  O 
I  . 
£3  0 


U 


examining  runs  Nos.  1834  and  184-0  that  a  pressing  temperature  of  1885°0  to 
l895°C  was  on  the  ragged  edge  of  a  temperature  where  a  reaction  between 
AlpOj  and  the  die  or  separator  materials  proceeded  at  a  measurable  rate. 

This  reaction  rate  was  sufficient  to  cause  serious  problems  with  a  330- 
minute  hold,  lesser  problems  with  a  lo5 -minute  hold,  and  almost  no  problems 
with  a  128-minute  hold.  A  drop  of  about  10°C  apparently  eliminated  the 
problem  even  for  long  holds  at  temperature.  The  reactions  did  cause  some 
of  the  cracks  that  extended  into  the  apex.  Two  other  runs  provide  seme 
insight  into  the  problem  of  cracking.  It  was  originally  thought  that  the 
apex  crack  of  No.  1830  was  caused  by  thermal  expansion  mismatch  as  it  was 
stuck  slightly  to  the  male  punch.  However,  Run  1838  was  also  stuck  to  the 
male  punch  and  did  not  exhibit  any  apex  crack.  This  finding  was  borne  out 
by  subsequent  runs.  Thermal  shock  was  ruled  out  after  numerous  runs  survived 
the  furnace  cooling  without  cracking.  In  fact  the  apex  crack  of  No.  1830 
was  not  convincingly  explained,  and  may  be  related  to  stress  components 
of  the  rim  cracks. 

Rim  cracking  was  a  problem  that  was  carried  over  from  the  previous 
effort.  It  was  common  to  develop  5  to  6  rim  cracks  as  shown  in  figure  1. 

These  rim  cracks,  in  general,  extended  for  the  full  0.4-  inch  of  the  dispos¬ 
able  skirt.  The  rim  cracks  were  thought  to  arise  due  to  cavitation  result¬ 
ing  from  the  imposition  of  strain  rates  greater  than  the  available  deformation 
mechanisms  could  tolerate.  It  is  known  that  basal  slip  plays  a  major  role 
in  the  deformation,  but  accommodation  must  be  accounted  for  by  diffusionai 
creep  with  a  grain  boundary  sliding  component.  One  of  these  mechanisms 
must  control  the  steady  state  flow  stress  at  l880°C,  and  therefore  the  <w>et 
of  cavitation  if  the  strain  rate  is  exceeded.  If  work  in  the  1300-l6(XrC 
range  can  be  extrapolated  to  the  higher  temperature,  it  would  appear  that 
diffusionai  creep  may  be  the  controlling  deformation  process. 8  An  effort 
was  made  to  control  the  imposed  strain  rate  through  load  rate  control. 

Figure  2  illustrates  the  deflection  and  range  of  strain  rates  for  several 
runs  during  the  series  (1830  to  1857)  using  sintered  prefn-nns.  Run  1832 
exhibited  a  peak  in  the  strain  rate  curve  at  35  minutes.  Strain  rate 
control  had  improved  by  the  time  Run  1840  was  made  as  the  curve  slowly 
decreased  during  the  run  as  it  probably  should  to  allow  for  the  decreasing 
flow  stress  associated  with  grain  growth.  Thi3  level  of  strain  rate  was 
still  apparently  too  fast  as  rim  cracks  were  present.  Run  1834  exhibited 
only  3  rim  cracks  0.2-lnch  long,  but,  of  course,  this  sample  was  spoiled 
because  of  the  reaction  problem.  However,  the  results  suggest  that  the 
temperature  was  just  enough  higher  to  provide  the  margin  needed  to  prevent 
serious  rim  cracking.  This,  together  with  the  reaction,  suggest  that  the 
temperature  may  have  been  higher  than  the  l885°C  recorded.  Thus,  it  is 
thought  that  further  refinement?  in  the  direction  of  even  lower  strain  rates 
may  provide  the  margin  needed  00  control  the  rim  cracks  to  a  tolerable  level. 

As  mentioned,  the  rim  cracks  are  concentrated  in  the  disposable 
skirt.  Consequently,  several  of  the  hemispheres  produced  in  this  initial 
series  were  crack-free  within  the  hemisphere  desired  as  a  final  product. 

Figure  3  illustrates  e  machined  and  polished  hemisphere  taken  from  forging 
1857.  The  "as-forged"  version  was  illustrated  in  Figure  1.  The  product 
was  quite  transparent  and  appears  to  hold  considerable  promise  for  optical 
applications. 

Run  1866  was  conducted  under  conditions  which  represented  a  marked 
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Figure  1.  Forging  1857  Showing  Rim  Cracks  in  Skirt  o;'  A.  a  -Forged  Hemisphere. 
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departure  from  the  initial  series.  A  cold  pressed  preform  vns  employed 
in  place  of  a  sintered  preform,  and  forging  commenced  at  1565°  rather  than 
l880°C.  The  use  of  a  cold  pressed  preform  was  expected  to  yield  benefits 
in  increased  ductility  due  to  the  finer  grain  size  and  increased  accommoda¬ 
tion  of  a  high  porosity  body.  Flat  forgings  of  such  material  have  been 
previously  reported-*-46.  The  piece  was  forged  in  two  stages  as  inferred 
from  Table  I.  The  piece  showed  definite  promise  for  the  approac..,  but  there 
were  several  features  requiring  improvement.  Rim  cracks  were  present  even 
though  far  fewer  formed  and  those  were  partially  healed.  Unfortunately, 
the  preform  did  not  weigh  enough  resulting  in  a  piece  not  fully  forged  and 
not  fully  dense.  The  approach  apj eared  worthy  of  continued  emphasis. 

Run  1874  also  employed  an  isostat:,c  cold  pressed  billet  and  again  a  two-step 
approach  was  taken.  In  the  initial  phase  at  1585°C,  the  strain  rate  was 
reduced  aM  only  4p00  psi  was  applied  in  an  effort  to  avoid  rim  cracks. 

After  a  30-minute  hold  at  this  temperature,  power  was  increased  raising  the 
temperature  to  l885°C.  At  this  point  the  pressure  was  raised  to  6250  psi 
with  a  velocity  goal  of  ^0.015  inch/min.  The  forging  was  very  successful 
as  it  was  crack-free  throughout,  and  exhibited  high  translucency  for  about 
90°  of  arc.  One  chip  flaked  out  near  the  apex  leaving  the  wall  thickness 
about  0.100  at  this  point.  The  cause  of  this  chipping  was  a  very  slight 
sticking  and  react 'on  similar  to  what  happened  on  a  more  extensive  basis 
for  runs  1834  and  The  wall  thickness  was  not  uniform  indicating 

that  this  can  be  a  problem  for  both  cold  pressed  a  .d  sintered  preforms. 

The  use  of  cold  pressed  preforms  was  followed  for  much  of  the 
remaining  work  since  it  offered  a  ready  solution  to  the  rim  cracking  problem 
Runs  1874,  1875,  and  1893  were  successfully  forged  and  had  no  rim  cracks. 
Figure  4  illustrates  the  type  of  product  obtained  in  this  series.  These 
specimens  were  not  highly  translucent,  but  this  was  due  to  deliberately 
restricting  the  hold  time  at  maximum  temperature.  During  this  phase  of  the 
experiment,  the  principal  goal  was  the  elimination  of  rim  cracks.  Samples 
IP78  and  1889  exhibited  healed  cracks  which  were  judged  to  be  a  result  of 
fracturing  the  prefer:  early  in  the  run.  The  cold  pressed  preform  has  a 
much  lover  strength  than  the  sintered  preforms.  Thus,  it  is  reosonable  to 
expect  that  lower  stresses  and  strain  rates  can  be  tolerated  until  denolfica 
tion  approaches  99$  of- theoretical.  Analysis  of  the  run  conditions  for 
these  cracked  forgings  compared  with  the  uncracked  forgings  pointed  to 
high  atrer-  at  an  early  stage  in  the  process  being  more  critical  than  high 
strain  rates. 

One  possible  solution  to  the  reaction  problem  would  be  to  simply 
forge  using  a  minimal  thermal  cycle  to  achieve  the  orientation  and  a 
moderately  high  density,  Thi3  could  be  followed  by  a  sintering  anneal  to 
attain  a  high  degree  of  transparency.  Hun  1874,  which  had  been  forged 
from  a  powder  preform,  was  sintered  in  an  ambient  hot  pressing  environment 
for  3  hours  at  l863°C.  Instead  of  rlntering,  a  3$  leas  of  density  was 
recorded.  This  vac  a  clear  example  of  the  problem  of  gases  in  hot  pressed 
(and  apparently  forged)  ceramics  which  is  discussed  more  fully  in  Section 
IV.  It  io  thought  that  sintered  preforms  subsequently  forged  and  re- 
sintcred  would  not  display  this  behavior  due  to  Ho  being  the  residual  gas 
phase  and  the  fact  that  Hp  ia  apparently  soluble  in  AlpO}.2' 33 
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Run  1875  was  in  reality  a  hot  pressing  rather  than  a  forging. 
Granulated  (-100  mesh)  powder  was  loaded  into  the  die  nearly  filling  the 
female  cavity.  The  initial  pressure  was  applied  at  1000°C  which  is  fairly 
common  practice  in  hot  pressing.  The  sample  was  uncrucked,  and  probably 
unoriented.  It  was  92.5$  dense  which,  of  course,  is  not  impressive,  and 
suggests  that  this  is  not  a  very  desirable  approach. 

Forging  1879  was  performed  on  a  sintered  preform  at  l6l5°C  which 
was  200°C  lower  than  any  previous  hemispherical  forging.  Previous  efforts 
had  taught  that  forgings  could  be  conducted  as  low  as  1400°C  and,  further¬ 
more,  crystallographic  orientation  was  achieved. 3  However,  forging  1879  was 
unsuccessful  as  the  forging  die  fractured  at  a  stress  which  was  at  least 
6500  psi  and  possibly  as  high  as  20,000  psi  (uncertainty  due  to  possible 
error  in  area  of  preform  in  contact  with  die).  No  further  efforts  were 
made  at  low  temperature  forgings.  The  concept  appears  worthy  of  further 
consideration  although  it  is  clear  that  a  delicate  balance  exists  between 
deformation  stresses  and  strength  of  the  die  components ,  As  with  all  the 
forgings,  a  balance  between  grain  growth  and  flow  stress  must  also  be  found. 

Forgings  1891,  1898,  and  I89Q  were  performed  using  a  die  set 
fabricated  from  ATJ  graphite.  It  is  noteworthy  that  all  of  these  forgings 
stuck  on  the  male  punch  and  were  badly  cracked.  This  was  attributed  to 
the  mismatch  in  thermal  expansion  between  this  grade  of  graphite  and  AlgO^. 

F .  Characterization  Results  and  Discussion 

Forging  1830  was  suctioned  and  examined  at  mid  section  and  near 
the  inner  rim  (Figure  5).  Second  phase  similar  to  that  previously  encountered 
was  apparent  at  mid  section  (arrow  D).  The  area  where  a  slight  reaction 
was  visible  showed  a  third  phase  (arrow  A).  The  phase  at  arrow  appeared 
similar  in  reflectivity  to  the  arrow  D  phase,  but,  of  course,  in  much  higher 
concentration.  X-ray  analysis  was  performed  by  a  diffractometer  trace  on 
the  outer  hemispherical  surface.  The  major  phase  was  ©c  -AlgO^.  AI30 
found  were  a  spinel-type  (a0  e#  7.9*0  end  a  third  phase  which  could  possibly 
be  AIN,  BN,  H3BO3,  or  a  tetragonal  A1-0-N  compound.  Previously*-*-,  the 
spinel-type  second  phase  was  identified  as  MgAlgOl*.  Pressing  1830  contained 
only  0.05$  MgO  which  was  about  100  ppm  under  the  solid  solution  limit  at 
l830°C  in  vacuum.  In  re considering  the  problem,  it  was  thought  that  the 
second  phase  might  be  an  oxynitride  of  the  type  AI2O3  .  AUJ.  One  form  of 
this  phase  is  reported  to  be  a  spinel  face  centered  cubic  structure  with 
ccmpositionally  dependent  lattice  parameters  which  include  the  value 
7.95  a.  Electron  microprobe  analysts  was  performed  on  this  sample  in  an 
effort  to  clarify  principally  the  question  of  matrix  second  phase  identifica¬ 
tion.  Nitrogen  was  found  in  the  phase  identified  by  arrow  A  of  Figure  5, 
but  not  in  any  other  phase.  The  phases  delineated  by  arrows  B  and  D  were 
rich  in  Mg  while  no  Mg  vas  found  in  the  phase  under  arrow  C.  Only  Al 
emission  was  noted  here.  Based  on  these  analyses,  the  phase  identification 
can  be  narrowed  down  to  either  AIN  or  BN  for  the  phase  at  arrow  A  and 
Mg  AlgOh  solid  solution  for  the  phases  at  arrows  B  and  D.  It  may  be 
possible  for  N  to  enter  into  the  MgAl204  structure  based  on  the  similarity 
in  structure  for  the  oxynitride. 

Based  on  the  fact  that  BN  was  in  contact  with  the  sample  surface 
during  forging,  the  phase  at  arrow  A  is  probably  BN.  The  high  concentration 
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of  MgAlgO^  at  the  surface  must  arise  from  normal  volatilization  of  MgO 
at  high  temperatures.  Being  confined  by  the  forging  die,  this  phase  must 
react  to  form  MgA^O^.  This  phase  in  turn  appears  to  bond  preferentially 
(over  AlgOo)  with  BN.  No  clearcut  reaction  phase  was  found,  but  it  is 
suggested  that  seme  of  the  sticking  problems  and  reaction  problems  were 
caused  by  a  reaction  of  BN  and  MgA^O^. 

Figure  6  illustrates  the  microstructure  of  a  0.0^5  wt.  $  MgO  addition 
to  A^Ch  after  forging  at  l885°C.  The  MgAl^Oi*  concentration  was  found  to  be 
0.45  vo t.  $  by  lineal  analysis  with  no  geometric  correction.  This  analysis 
together  with  others  performed  on  various  i8600  -  l890°C  forgings  having 
additions  of  MgO  to  AlgCh  are  plotted  in  Figure  7.  Judging  by  the  extra¬ 
polation  of  this  data,  the  solubility  limits  of  MgO  is  estimated  to  be 
about  0.015  wt.  $>.  This,  of  course,  should  be  added  to  the  background 
concentration  which  according  to  the  lot  analysis  of  the  powder  employed 
for  the  lowest  two  MgO  additions  was  a  "trace".  This  is  assumed  to  be 
50  ppm  making  the  observed  solubility  limit  **0.02  wt.  $  at  ** 1880°C 
in  an  atmosphere  which  must  be  >99* 9$  CO. 

5 

Roy  and  Goble  measured  the  MgO  solubility  in  AL-jQ^  in  vacuum. 

At  l88o°c,  which  is  only  a  50°C  extrapolation  of  their  data,  they  expect 
a  0.-0880  wt.  $  MgO  solubility.  Samples  equilibrated  in  Hg  shoved  n  slight 
shift  in  lattice  parameter,  whereas  those  prepared  in  vacuum  or  air  did  not 
exhibit  a  shift  in  lattice  t iraaeter.  This  was  interpreted  as  evidence 
for  even  greater  solubility  of  MgO  in  a  Hg  environment.  The  data  for  an 
air  environment  was  not  reported.  In  any  event  it  can  be  inferred  from  the 
vacuum  data  and  the  shift  of  lattice  para  'ter  that  there  is  an  atmosphere 
effect.  Perhaps,  the  factor  of  U  lower  solubility  in  CO  is  reasonable. 

Another  possible  explanation  in  that  a  higher  solubility  exists  at  the 
forcing  temperature,  but  that  MgAlgOj,  wma  ex solved  during  furnace  cooling. 
However,  the  come  grain  ptae  with  the  longer  diffusion  distances  makes 
this  unlikely..  There  is  also  a  possibility  that  the  MgO  solubility  is 
somewhat  lower  than  the  vt.  %  MgO  estimated  as  there  was  microstruetural 
evidence  for  MgAl^Oj.  se  gregation  at  the  surface.  This  implies  that  some 
MgO  was  lost  due  to  volatilisation.  Based  on  this  discussion,  the  observed 
0.02  vt,  ■  $■  MgO  limit  should  be  termed  an  "experimental  concentration  limit" 
applicable  to  forging  AlgO^  at  1@8#C  ir.  granite  dies.  It  is  worth  mention- 
lag  that  0.1  -  0.1  vt.  %  MgO  is  often  added  as  a  grain  growth-  inhibitor  in 
hot  pressed  or  sintered  Alg<h,  This  level  appears  too  high  by  a  significant 
margin  and  spinel  phase  should  ba  observed. 


Forging  1840  was  analysed  for  crystallographic  texture.  The  inverse 
pole  figure  shewn  lr.  Figure  8  demonstrates  a  marked  preferred  basal  plane 
orientation,  as  has  been  observed  previously  for  both  flat  and  hemispherical 
forgings.1  The  shift  from  a  smooth  curve  at  $  *  39°  is  judged  to  be  a 
result  of  the  large  grain  size  (33j*a).  Eccentric  peaks  were  noted  in  the 
diffractometer  trace  even  using  a  1°  rather  than  the  normal  1°  -source  slit. 
The  R  enhancement  at  $  •*  0  and  depression  at  0  *  90°  is  unquestionable 
evidence  for  strong  crystallographic  texture.  Also  shown  in  Figure  8  is 
the  Inverse  pole  figure  fiat  disc  forging  S*7  and  the  error  bars  assoc¬ 
iated  with  the  measurement.  Data  for  forging  hi  was  averaged  for  three 
slow  diffractometer  scans  on  each  of  two  specimen  orientations  relative 
to  the  X-ray  beam.  Thus,  the  error  bars  account  for  nonunifon&ity  of 
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Figure  6.  Rlc restructure  of  Forging  1840  Shoving  Fully  Douse  Structure 
and  sui  Estimated  0.45  vcl.  i»  MgAlgO^. 
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orientation,  micros tructure ,  taking  a  tangent  to  the  forged  surface, 
instrumental  reproducibility  and  scale  factor  conversions.  Unfortunately, 
the  (006)  reflection  is  one  of  the  weakest  in  the  AlpO^  structure,  so  the 
error  bars  are  exceedingly  large  at  0  ^  =  0.  Better  statistics  were 
obtained  for  other  reflections,  thus  It  is  possible  to  state  that  the  disc 
forging  had  a  stronger  texture.  The  { 0001^  orientation  has  previously 
been  accounted  for  as  a  result  of  rotation  of  the  basal  plane  by  a  basal 
slip  mechanism  due  to  a  superimposed  bending  moment.  Diffusions!  and 
grain  boundary  sliding  mechanisms  probably  account  for  the  necessary 
accccmodstion  to  allow  basal  slip  to  continue  without  cavitation. 

Transmission  in  the  visible  range  has  previously  been  reported. 

A  2  m  thick  "c"  direction  sample  exhibited  79$  total  and  U-9^  in-line 
transmittance  at  0.55  pm  wavelength.  These  values  were  compared  with  a  "very" 
transparent  1.3  mm  thick  sintered  Lucalox  specimen  having  77$  total  and  15$ 
in-line  transmittance  at  0.55  /an.  The  higher  total  transmittance  for  the 
slightly  thinner  Lucalox  specimen  indicates  that  the  density  of  this  speci¬ 
men  was  indeed  excellent  and  lends  credence  to  the  validity  of  comparing 
the  in-line  transmissivity  of  this  sample  with  the  forged  Al20o.  The  35$ 
higher  in-line  transmittance  for  the  forged  AlgOo  compared  with  the  sintered 
AlpOo  was  judged  to  be  principally  due  to  the  reduced  optical  anisotropy 
resulting  from  the  crystallographic  texturing  achieved  in  forging. 

At  larger  wavelengths,  the  in-line  transmission  increases  for  both 
forged  and  sintered  A120 y  The  fall  off  in  transmission  above  4.5  pi 
wavelength  is  from  true  absorption  with  the  thicker  sample  falling  off 
faster  as  expected  from  the  relation 

LaT  =  (l-rffi  (1) 

where  I  is  the  intensity  of  transmitted  light,  I0  is  the  intensity  of  the 
incident  beam,  T  then  becomes  the  fraction  transmitted,  r  is  the  surface 
reflection  coefficient,  x  is  the  thickness  of  the  sample,  and  is  the 

absorption  coefficient.  The  absorption  coefficient  for  sapphire  is  between 
0.02  mm"-1-  and  0.03  mm"^  at  4.5  pi  wavelength  and  0.19  &t  5*35  pi 
wave  length.  7 

The  effect  of  thickness  on  transmission  through  forged  AlgO^  at 
4.5  yum.  wavelength  is  shown  in  Figure  9.  A  variety  of  disc  and  hemispherical 
forgings  are  plotted.  The  samples  have  varying  densities,  crystallographic 
orientation,  and  second  phase  content  accounting  for  the  scatter.  The 
best  fit  gives  a  calculated  absorption  coefficient  of  0.15  mm"1.  Since  it 
is  significantly  higher  than  that  for  sapphire,  the  value  is  judged  to  be 
extrinsic  and  due  to  porosity,  impurities,  and  second  phase  scattering 
centers.  Grimm,  Scott,  and  Sibold°  measured  an  absorption  coefficient  of 
0.3  mm”*  for  3.975  grn/cc  or  greater  Lucalox  at  4.5  pi  wavelength.  It  is 
not  clear  that  the  lower  absorption  coefficient  in  forged  AI2O3  can  be 
attributed  to  the  crystallographic  orientation  of  the  forged  samples  as 
previously  discussed  for  measurement  at  0.55  pa  wavelength.  Index  of 
refraction  measurements  in  the  infrared  report  only  the  ordinary  ray  value ° 
and  no  reference  could  be  found  for  the  extraordinary  ray.  A  decrease  in 
birefringence  with  increasing  wavelength  is  one  possible  explanation  for 
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increasing  transmission  from  0.8  to  4.5  )m  wavelength  for  both  forged  alumina 
and  Lucalox.  However,  Grimm  et  al°  contend  that  the  decreasing  absorption 
frcrn  3  to  4.5  pm  wavelength  was  proportional  to  and  therefore  supports 

a  small  particle  scattering  model  for  the  absorption  or  in-line  loss  coeffic¬ 
ient  in  this  wavelength  region.  This  argument  appears  reasonable  especially 
in  view  of  the  fact  that  the  absorption  coefficient  for  both  forged  alumina 
and  Lucalox  appear  highly  extrinsic  when  compared  with  the  value  for  sapphire. 
However,  in  view  of  the  consistency  of  the  birefringence-crystallographic 
orientation  model  in  explaining  the  optical  data  in  the  visible  wavelength 
range,  the  lower  absorption  coefficient  at  4.5  pm  for  forged  alumina  than 
randomly  oriented  Lucalox,  the  fact  that  similar  quality  starting  powders 
were  used  for  specimen  preparation,  and  that  the  microstructure  of  the 
forged  specimens  were  not  highly  perfect  (spinel  second  phase),  it  appears 
equally  reasonable  that  a  finite  level  of  birefringence  does  exist  at  4.5>um 
wavelength,  and  has  the  net  result  of  allowing  greater  in-line  transmission 
for  the  oriented  polycrystalline  body. 

G.  Conclusions 

1.  The  press  forging  process  is  capable  of  fabricating  complete 
hemispheres  having  high  in-line  transmissivity. 

2.  Both  cold  press  and  sintered  preforms  can  be  employed.  Cold 
pressed  preforms  exhibit  greater  accommodation,  thus  the  fabrica¬ 
tion  of  a  crack-free  hemisphere  is  somewhat  easier.  Sintered 
preforms  have  to  date  always  exhibited  non-catastrophic  rim 
cracks  that  occasionally  extend  from  the  skirt  into  the  hemi¬ 
sphere.  To  date,  sintered  preforms  have  resulted  in  a  higher 
density  more  transparent  product. 

3.  It  was  shown  that  as  little  as  0.035  vt.  $  MgO  addition  results 
in  0.45  vol.  $  MgAlgO^  phase,  and  it  is  estimated  that  0.015  vt. 

%  MgO  is  the  "experimental  concentration  limit." 

4.  An  absorption  coefficient  of  0.15  mm"1  at  4.5  m  wavelength 
was  found  for  forged  AlgO^  which  Is  about  half  of  that  for 
sintered  AI2O3.  This  suggests  that  there  may  be  a  slight 
birefringence  in  the  infrared  region. 

5.  A  preferred  basal  crystallographic  texture  was  developed 
parallel  to  the  hemisphere  surface  which  was  attributed  to  basal 
slip  playing  a  strong  role  in  the  deformation  process.  The 
texture  was  slightly  less  than  that  achieved  in  one  of  the  best 
flat  disc  forgings. 

III.  FLAWS  IN  ALUMINA  AND  THEIR  EFFECT  OH  STRENGTH 
A.  General 

Pears  and  Starrett^  found  an  effect  of  specimen  volume  on  the 
strength  of  alumina  of  the  type  predicted  by  Weibull,  but  no  single  set  of 
Weibull  constants  could  be  found.  Although  many  data  points  were  eliminated 
because  of  obvious  flaws,  microscopic  flaws  in  the  order  of  1  to  50  grain 
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diameters  in  size  may  have  contributed  to  the  problem  of  defining  a  single 
set  of  Weibull  parameters.  Such  a  conclusion  was  reached  in  a  previous 
report  on  this  subject111  where  microscopic  flaws  were  correlated  with  strength 
in  hot  pressed  AI2O3.  Flaws  were  detected  which  reflected  both  a  process 
origin  and  a  raw  material  origin.  Identifiable  second  phase  inclusions  were 
found  both  in  the  as-received  powder  and  the  hot  pressed  billets.  Two 
billets  were  produced  £rom  one  manufacturer's  powder  using  different  powder 
lots,  but  identical  procesa  conditions.  The  average  microstructures  were 
identical,  but  both  the  mechanical  properties  and  flaw  origin  were  quite 
different.  Thus,  it  is  clear  that  the  problem  of  defining  the  strength  of 
hot  pressed  AI2O3  by  a  single  set  of  Weibull  parameters  was  probably  not 
within  the  limits  of  technology  at  the  time  this  original  work  was  completed. 
The  question  of  whether  or  not  it  is  within  the  current  state  of  technology 
is  appropriate  and  was  considered  in  the  current  effort.  This  current  work 
considered  hot  pressed  alumina  from  two  new  powder  sources  rounding  out 
consideration  of  the  major  vendors  of  hot  pressing  grade  powder. 

B.  Powder  Characterization 


Powder  selected  for  this  program  was  supplied  by  two  vendors 
previously  used  for  many  fabrication  studies  on  moderately  high  purity 
AI2O3  with  a  specification  of  99*98$  pure  and  0.3  micron  particle  size. 
Emission  or  mass  spectrographic  analy-**  of  starting  powders  gives  a  very 
selective  volume  analysis  which  nay  0,  iay  not  be  representative  of  the 
total  batch.  Further,  an  impurity  particle  or  high  concentration  of  solid 
solution  impurities  could  be  ccmplet  ly  by-passed  in  the  sample  selection 
process.  Therefore,  Vendor  II  and  Vendor  III  powder  was  subjected  to  a 
cutting  and  X-ray  diffraction  <■  xlyais  in  addition  to  the  standard  emission 
spectrographic  analysis.  Vendor  I  powder  was  examined  in  detail  in  the 
previous  report.111 

A  vendor-supplied  impurity  analysis  is  reported  in  Table  II.  Both 
powders  appear  to  be  f  high  quality  and  easily  fall  within  the  purity 
specifications.  Although  AI2Q3  solid  solution  soluuility  limits  have  not 
been  determined  for  most  of  the  elements?  listed,  it  is  Judged  that  the 
elements  reported  would  all  be  within  the  solubility  limit.  The  major 
problem  with  this  type  of  analysis  is  that  it  is  very  selective.  Only  a 
few  hundred  milligrams  are  analyzed  in  any  one  determination  making  it  quite 
possible  to  completely  miss  a  discrete  impurity  particulate  such  as  those 
described  in  the  next  section. 

Two  types  of  particle  surveys  were  conducted.  In  the  first  analy¬ 
sis,  *3  gm  of  powder  was  extracted  from  a  previously  unopened  container  and 
surveyed  under  an  optical  utereanicroscope  at  lO-h5X.  Such  ar.  analysis  on 
Vendor  II  powder  resulted  in  20  grey-black  particles,  one  grey  fiber,  one 
straw-colored  fiber,  one  clear  rod,  and  5  yellow-brown  particles.  The 
second  technique  consisted  of  preparing  a  slurry  in  a  shallow  dish,  drying, 
and  examining  a  2  by  2  inch  square  area  with  the  dish  upside  down  uwing 
bottom  lighting.  In  this  way,  semi -quantitative  particulate  impurity 
concentrations  weiu  conducted.  These  results  are  reported  in  Table  III 
for  both  Vendor  II  and  Vendor  III  powders.  Both  powders  contain  a  large 
number  of  particulate  impurities,  but  the  powder  free  Vendor  III  exhibited 
only  one  type  cf  impurity  and  about  half  the  concentration  of  impurities 
compared  with  Vendor  II.  Based  on  depth  of  focus  and  a  check  of  the  powder 
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TABLE  II 

Scission  Spectroscopy  Analysis 

Concentration 

in  ppmv 

Vendor  II 

Vendor  III 

Si 

25 

30 

Pb 

KB 

1 

pe 

22 

10 

Mg 

Tr 

1 

Ga 

11 

3 

Ca 

Tr 

3 

Cr 

:r 

1 

TABLE  III 

Quant 1' atlve  Analysis  of  Particulate  Contamination 
In  Alumina  Powder 

Large 


Arp lysis 

Black 

Brown 

Clear 

Supplier 

"umber 

Particulates 

Particulates 

particulates 

Tote; 

Vendor  II 

1 

9 

1 

10 

2 

3 

2 

5- 

3 

.8 

1 

2 

Average 

8 

Vendor  til 

1 

4 

!i 

2 

■4 

4 

Average 

k 

-2'!  ■ 


density  after  drying,  the  volume  of  sampling  was  estimated  as  0.258  cm^. 

This  translates  to  29h  particles/cm^  and  iVf  particles/cm^  of  dense  material 
for  Vendor  II’ s  and  Ill's  powder,  respectively.  The  average  spacing  between 
particles  would  be  0.15  cm  and  0.19  cm.  These  numbers  probably  have  a 
♦  200$  accuracy,  but  even  with  this  tolerance  they  reflect  the  fact  that 
particulate  impurities  can  be  closely  spaced  if  they  are  allowed  to  become 
incorporated  in  the  final  product. 

Figures  10a  and  b  illustrate  a  collection  of  the  various  impurities 
in  the  two  powders.  These  particulates  were  analyzed  by  X-ray  diffraction 
and  are  reported  in  Table  IV.  In  addition,  was  found  in  Vendor  II 

powder.  The  Fe  and  A1  contamination  must  occur  after  calcination.  The 
o<Si02  is  probably  frcm  the  fused  SiOp  calcining  containers.  Large  p^AlgO^ 
grains  arc  probably  residual  powder  which  underwent  msny  calcinations  before 
it  became  incorporated  in  this  powder  lot.  The  complex  oxide  may  be  a 
result  of  a  heavy  impurity  concentration  which  reacted  with  the  AlpOj 
during  calcination,  and  the  fiber  obviously  came  from  seme  powder  handling 
process. 

.  C,  General  Defect  Analysis 

One  hot  pressed  AL-,0^  billet  from  each  vendor's  powder  was 
examined  for  defects  by  a  variety  of  microscopy  techniques  to  include 
fractured  chips  containing  flaws.  An  attempt  has  been  made  to  categorise 
the  predominant  defects. 

1.  Spherical  Shade  Zones 

Defects  in  this  category  contained  no  Qbvioua  inclusions  aa 
detailed  by  optical  microscopy  and  were  one  of  several  shadings  relative 
to  the  matrix;  light  color  spheres  with  no  distinct  boundary,  dark  color 
spheres  with  no  distinct  boundary,  and  light  spheres  with  a  distinct  ring 
and  halo  effect.  The  former  defects  are  illustrated  in  Figure  11  and  appear 
light  in  reflected  light  and  dark  in  transaittea  light.  Moat  often  they 
blend  wit!  the  matrix  when  observed  at  high  magnification  in  reflected 
light.  X-ray  and  microprobe  studies  previously  reported^1'  indicated  that 
high  impurity  or  grain  growth  inhibitor  concentrations;  may  be  responsible 
even  though  a  distinct  impurity  phase  could  not  be  seen  by  the  usual,  micro¬ 
scopic  techniques.  For  example.  High  concentrations  of  Si  and  C  were  found 
by  mieroprobe,  and  it  was  ahewn^  that  the  reaction 

SiOj  ♦  nco  . . .  . . »  SIC  ♦  <co2  ' 

could  occtr  under  hot  pressing  conditions.  Alao,  a  minor  eoneentrat ‘on 
of  MgAlgO^  was  observed  in  one  such  defect.  It  is  Judged  that  this  uype 
r?f  defect  also  arises  free  process  related  problems  such  as  the  formation 
of  a  large  agglomerate  bridge  which  fails  to  break  up  during  ball  mil*ing 
or  the  addition  of  the  grain  growth  inhibitor. 

2.  Second  Fha;s  Inclusion 

Another  class  of  defect  which  may  be  closely  related  to  that 
described  above  is  the  distinguishable  second  phase  inclusion.  Figure  12a 
shows  a  lens  shade  zone  surrounding  a  readily  distinguishable  second  phase. 

A  similar  appearing  second  phase  was  sectioned  and  revealed  on  inclusion 


TABLE  IV 


Identification  of  Particulates  in  Alumina  Powder 


Particle(s)  in  Size 

Figure  10  pm 

A  20-200 

B  150 

C  200 

D  100 

E  60 

F  30 

G  60 


Analysis 

Single  or  compound  rhombohedral 
metal  oxide  of  either  the  Cr20^- 
Al20o  or  FeTiO,  i^menite  structure 
aQ  =  5.00  A,  C0  =  13.^5  A. 

One  large  and  one  small  c<  Al20o 
grain.  5 

aC  Fe 

Organic  fiber 

Amorphous,  shiney  black,  C? 

One  or  two  gx*ains  of  Si02 
A1 
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Figure  11.  Spherical  shade  zone  in  a  billet  fabricated  fran 
Vendor  III  powder. 
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that  was  identified  visually  as  a  metal  flake  (Figure  12b),  clearly  a 
result  of  contamination.  Figure  13  shows  an  inclusion  with  a  fiber  morphol¬ 
ogy.  This  inclusion  did  not  exhibit  a  shade  zone  apparently  indicating 
little  chemical  interaction  with  the  matrix.  It  is  thought  that  this 
inclusion  is  carbon  in  the  "as-hot  pressed"  condition.  The  inclusion 
shown  in  Figure  Ik  was  a  dark  green  100  pm  transparent  grain.  This  '^uld 
be  an  alumina  grain  rich  in  impurities  giving  it  a  role  similar  to  the 
exaggerated  grain  growth  defect.  However,  it  is  included  with  this  defect 
category  as  it  probably  has  a  raw  material  origin. 

3.  Exaggerated  Grain  Growth 

This  type  of  defect  may  be  one  of  the  more  prominent  defects 
in  hot  pressed  Al^O^,  Figure  15  illustrates  a  cluster  of  20-30  pm  grains. 
Grains  half  this  size  could  still  act  as  defects  from  a  strength  viewpoint 
and  are  not  as  easily  found.  Such  defects  could  arise  from  inadequate 
mixing  of  the  grain  growth  inhibitor,  impurity  promotion  of  grain  growth, 
inclusion  of  a  large  AlgO?  grain  in  the  powder  (Figure  10),  or  perhaps 
Just  the  statistical  fluctuation  of  grain  growth  leading  to  the  discontin¬ 
uous  process. 

k.  Fine  Grain  jteglon 

no  examples  of  this  type  of  defect  were  found  in  Vendors  II 
and  III  materials.  They  may  be  present,  however,  so  it  is  useful  to 
categorise  this  defect  which  can  be  described  as  a  zone  of  fine  grains 
which  appear  to  be  poorly  bended  and  porous.  Hie  site  of  this  defect  i? 
only  several  matrix  grain  diameters,  thus  it  in  much  smaller  than  the  spheri¬ 
cal  shade  rones  previously  discussed.  This  fine  grain  defect  is  thought  to 
be  a  pocket  where  agglomerate  bridging  has  prevented  adequate  particle 
contact  for  solid  state  diffusion,  sintering,  and  grain  growth.  There  is 
no  evidence  that  this  defect  has  a  chemical  origin. 

D.  Hot  Pressed  Alumina  for  Testing 


Billets  for  testing  were  fabricated  for  the  test  program  from 
the  powders  already  described.  Details  of  the  process  and  results  are 
given  in  Table  V.  These  conditions  were  selected  to  simulate  sites  and 
processes  used  in  the  commercial  production  of  hot  pressed  Hie 

data  canrot  be  directly  compared  because  of  the  different  /  .  iitive  and 
process  conditions.  However,  both  billets  are  essentially  jingle  phase 
hot  pressed  AlgQ^  with  very  similar  micros tructures,  so  on  this  basis  a 
comparison  was  expected  to  yield  new  understanding.  In  addition,  billets 
fabricated  and  tested  in  the  previous  period  were  directly  comparable  and 
will  be  the  subject  of  case  discussion. 

E.  Transverse  Bend  Strength  and  Flaw  Analysis 

Strength  measurements  were  conducted  in  four  point  bending  it? 
ambient  atr with  a  relative  humidity  of  The  strain  rate  employed  in 

tr  ..ting  was  6.9  x  10“5  sec*1.  The  final  finish  on  the  specimen  surface 
was  obtained  with  a  kOO  grit  wheel  with  the  grinding  direction  parallel  to 
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Figure  15.  Cluster  of*  20*30  u»  grains  in  material  fabricated  from 
Vendor  III  material. 
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TABLE  V 


Hot  Preb^ed  Alumina  for  Mechanical  Test  Program 


Billet 

Number 

Density 

gm/cc 

Grain  Size 
microns 

Powder 

Additive 

vrt"  t' 

Pressing 

Atmosphere 

1118 

3-979 

2.9 

Vendor  II 

0,1  MgO 

Argon -Vacuum 

L59 

3.986 

1-9 

Vendor  III 

0, 2  MgO 

0.1  N10 

Ambienz 

the  spe  oilin' axis.  -• 

All  testing  was  conducted  in  a  ball  bearing  and  stainless  steel 
test  fixtui'e  designed  to  reduce  knife  edge  concentration  and  frictional 
effects.  Consideration  was  also  given  to  the  shifting  of  the  point  of 
taegency  at  the  load  and  support  points.  Vroowan  and  Ritter^  have  shown, 
this  to  be  a  serious  problem  at  high  deflections,  requiring  a  numerical 
analysis  to  obtain  corrected  stresses.  The  error  in  stress  for  the  fixture 
employ  i  was  calculated  to  be  0.025 #  at  100,000  psi.  At  this  level  and 
with  the  standard  deviations  usually  found  in  A120-^  testing,  it  was  considered 
unnecessary  to  employ  the  numerical  analysis.  Shand^-2  has  discussed  the 
interpretation  of  fracture  features  on  glass  to  include  mirror  region  of  •. 
smooth  crack  extension  from  a  flaw,  crack  branching,  and  Interaction  of -the 
crack  front  with  stress  waves  reflected  from  nearby  .surfaces  to  form  >/allner 
lines.  Kirchner  et  recently  demonstrated  that  these  .regions  may  be 
identified  in  polycrystalline  AI2O3  and  are  useful  in  some  cases  to  find 
the  fracture  origin.  Further,  fracture  origins- could  be  located  in  several 
of  their  bars.  Similar  techniques  were  employed  in  this  -study. 

Bend  strengths  are  reported  in  Table  VI  along  with  the  results'-of 
a  detailed  flaw  alysis  employing  a  combination  of  stereo  and  reflected 
light  microscopy  techniques  as  well  as  electron  microscopy  techniques. 

These  results  are  summarized  in  Table  VII. 

Six  liquid  N2  tests  were  conducted  on  billet  1118  N2  to  gairua 
measure  of  the  absence  of  stress  corrosion  on  critical  flaws.  The  average 
strength  of  this  specimen  group  was  50$  higher  than  the  specimens  tested 
in  an  ambient  atmosphere.  The  spread  is  perhaps  10-20#  higher  than  normally 
observed^  for  a  difference  in  the  two  types  of  tests.  The  direction  of 
the  shift  and  general  levels  of  strength  are  within  reason.  The  implications 
of  the  flaw  analysis  will  be  discussed  in  a  subsequent  section. 

Potential  difficulties  in  the  testing  of  square  cross  section  bend 
bars  can  arise  due  to  a  r^n-uniform  cross  section.  Knife  edge  stress 
concentrations  and  torsional  moments  giving  a  complex  biaxial  stress  condi¬ 
tion  are  the  two  most  likely  difficulties.  The  severity  of  this  problem 
in  terns  of  readily  obtainable  machine  tolerance  is  not  well  known.  After 
the  first  nine  (9)  specimens  of  billet  1118  were  treated,  it  was  noted  that 
the  machining  tolerance  and  .squareness  was  not  up  to  the  normal  standards. 


TABLE  VI 


- 

■  Fracture  Strength  end  FI®?  Analysis 

Specimen  ariS  ' 
Test  Condition 

As  Machined*  23°S 

•-  r-- Bead  Steengfei^W.  •'  •'  -  - 

KpSi 

S\  '  . 

Observations 

459-1 

Fr active  origin  at  large  grains 

459-2 

70.2 

..-Fracture  origin  at  large  grains 

459-3 

59.9 

PGrticuiate.  trelusion  at-  fracture  | 

origins-  .  -j  .  '  .  1 

459.4 

46.1  '  ■ 

Fracture  origin  at.  corn^.^- >3o- flAw  .!•?•- 

located.  '' 

459-5 

80.1 

Fracture  origin  at  one  large- grain 

459-6 

57*5 

Fracture  origin  at  large  grains  7.  .• 

459-7 

56.6 

Fracture  origin  located.  No  flaw  ~ '  -  -  ;..r;' 
located. 

459-8 

60.4 

Fracture  Origin  at  large  grains 
around  a  defect. 

Average  62.5  ±  9*94, 

As  Machined  +  23°C 

• 

-  ILIS-I, 

•  58.8 

Black  inclusion  at  fracture  origin. 

3118-2 

58.0 

Vertical  surface  scratch  at  fracture 
origin. 

1118-3 

- 61.1  ' 

.Fracture  origin  at  fine  grain  patch. 

,1118-4  . 

;  66.7 

Black  inclusion  at  fracture  origin. 

1118-5 

.  '■  64.0  ...... 

Black  inclusion  at  fracture  origin. 

•1:  1118-6  . 

"  ~  67.1  ■  . 

Either  black  inclusion  or  large 
-  grain  at  fracture  origin 

1118-7 

...  '•  54.7  '/>■  • 

Corner  origin  -  no  flaw  located. 

1118-8  - 

65.1/  : 

Black  inclusion  at  fracture  origin.  . 

1118-9 

,68,7  .. 

Possible 'large  grain  at  fractua  origin  -'7-. 

Average  62. 7  *  4,89 


Observations 


TABLE  VII 
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Therefore,  it  was  decided  to  resurface  the  remaining  nine  (9)  specimens 
for  a  check,  on  the  severity  of  the  "out  of  squareness"  problem  as  well  an¬ 
other  testing  on  the  task.  The  task  results  on  this  subject  given  in 
Table  VIII.  The  average  strengths  are  essentially  equal  for  the  two  groups 
indicating  that  either  both  groups  are  within  or  cut  of  the  necessary 
tolerance  for  these  problems.  Fracture  origins  were  found  on  all  the  speci¬ 
mens  and  in  every  case  but  one  the  fracture  occurred  at  a  flaw.  Several 
of  the  flaws  were  near  a  corner,  but  the  majority  were  at  least  of  the 
way  in  from  a  corner.  The  one  specimen  where  a  flaw  could  not  be  found  had 
a  corner  fracture  and  also  exhibited  the  lowest  strength  of  the  entire 
grpup  (54.7  kpsi).  This  specimen  also  showed  the  greatest  thickness  varia¬ 
tion  (O.OOO8  inch)  and  a  side  to  side  variation  that  was  on  the  high  side 
(0.0003  inch),  but  not  the  highest  of  the  "initial  machining"  group.  Based 
on  these  observations,  it  was  concluded  that  both  groups  on  the  average  are 
within  the  necessary  tolerance  to  avoid  "ericas  Knife  edge  or  biaxial 
stress  concentration,  but  that  such  problems  begin  to  affect  results  when 
the  thickness  tolerance  exceeds  about  0.0005  inch. 

It  was  interesting  to  note  in  Table  VII  that  each  billet  possessed 
a  dominant  but  different  defect.  Figure  l6a  illustrates  a  low  magnification 
view  of  a  specimen  459-6  having  a  large  grain  fracture  origin,  the  major 
defect  for  this  billet.  A  higher  magnification  view  is  shown  in  Figure  16b 
where  it  is  quite  clear  that  a  cluster  of  grains  5-10X  the  nominal  grain 
size  was  the  critical  flaw  for  failure  at  57* 5  kpsi. 

Only  one  specimen  from  billet  459  exhibited  a  critical  flaw  associ¬ 
ated  with  a  particulate  inclusion.  A  low  and  high  magnification  view  of 
this  specimen.  459-3,  i3  shown  in  Figure  17.  The  semicircular  flat  region 
of  Figure  17b  is  judged  to  be  the  classic  mirror  region  of  brittle  fraction. 
This  feature  i3  often  seen  on  glass,  but  has  also  been  observed  previously 
on  hot  pressed  AlpO^.111*1^  in  the  center  of  the  mirror  is  a  20  pm  long 
rod  or  plate  shaped  particulate  impurity  that  is  thought  to  be  the  critical 
flaw  for  failure  at  55.9  kpsi.  The  close  proximity  of  this  flaw  to  the 
tensile  edge  results  in  a  calculated  stress  of  5*5  kpsi  at  the  upper  tip 
of  the  flaw.  Integrated  secondary  X-ray  emission  counting  was  performed  on 
the  region  within  the  mirror  and  compared  with  the  matrix.  No  evidence  was 
obtained  for  an  impurity  concentration  in  this  region,  thus  it  is  possible 
that  the  nature  of  the  flaw  has  been  improperly  identified.  It  is  also 
possible  that  the  impurity  particulate  was  lost  or  on  the  opposite  side  of 
the  fracture.  Thu3,  the  authors  will  rest  on  their  analysis  which  is  based 
mainly  on  microstructure  consideration. 

Figure  18  illustrates  a  billet  459  fracture  origin  where  the  cluster 
of  large  grains  surrounds  an  oblong  zone ,  It  is  thought  that  an  impurity 
particle  was  at  the  center  of  the  oblong  z^ne  and  was  responsible  for  the 
entire  raiorostructural  anomaly.  It  is  not  clear  whether  the  rather  porous 
structure  of  the  oblong  zone  or  whether  one  of  the  large  grains  acted  as  the 
fracture  nucleus  at  65*1  kpsi. 

The  strength  of  billet  1118  was  dominated  by  included  particulate 
impurities.  Figure  19  illustrates  a  low  and  high  magnification  view  of  one 
specimen  whose  strength  was  controlled  by  the  inclusion.  Failure  wa3  near 
a  corner  of  the  specimen.  Stereooicroscopic  examination  conclusively 
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Figure  18.  Specimen  459-8  shoving  (a)  fracture  face  and  origin  (arrow), 
and  (b)  critical  defect  to  be  large  grains  surrounding  oblong 
impurity  zone. 


Figure  19.  Specimen  1118-1  obowing  (a)  fracture  face  and  corner  origin 

(arrow),  and  (b)  mirror  surrounding  defect  (arx*ow)  and  fracture 
origin. 


proved  that  a  black  impurity  particulate  was  in  the  position  designated 
by  the  arrow  of  Figure  19b.  The  semicircular  zone  whose  origin  appears  to 
be  at  the  arrow  in  all  probability  is  the  fracture  mirror  referred  to  earlier. 
In  se^ral  cases,  black  impurity  particulates  were  found  on  the  fracture  face 
and  judging  fran  the  crack  pattern,  they  were  not  the  critical  flaw  for 
specimen  failure.  In  all  cases  the  particulctes  were  seme  distance  away 
from  the  tensile  surface.  A  black  impurity  particulate  is  shown  more  clearly 
in  Figure  20  which  is  of  specimen  lllD-13. 

The  fracture  of  specimen  1118-9  at  68.?  kps i  was  attributed  to  a 
possible  large  grain.  Figure  21  illustrates  the  fracture  face  and  fracture 
origin  zone.  There  are  several  8-10  pan  grains  near  the  tensile  surface 
which  could  be  the  critical  flaws.  This  case  is  illustrated  because  it 
demonstrates  that  the  analysis  is  subjective  and  that  seemingly  rather  minor 
deviations  frem  the  average  2-3  pm.  grain  size  can  in  all  probability  act 
as  strength  limiting  features.  This  type  of  defect  is  expected  to  be  the 
most  difficult  to  control  and  eliminate  in  the  development  of  a  better 
material . 

Specimen  1118-2  showed  a  clear  fracture  origin  as  illustrated  in 
Figure  22a.  A  shallow  (5  pm)  scratch  parallel  to  the  specimen  axis  was 
noted.  Also  seme  30  pm  in  form  the  tensile  surface  there  were  a  number  of 
5  to  10 /.mi  grains.  It  is  not  possible  to  state  with  confidence  which  is 
the  critical  flaw.  However,  since  the  5  to  10  pin  grains  are  noted  else¬ 
where  along  the  tensile  surface  of  the  bar,  the  scratch  is  suspected  as  the 
fracture  origin.  The  scratch  itself  does  not  appear  sharp  enough  to  act 
a  critical  flaw,  thus  it  is  suspected  that  damage  caused  by  the  scratch  may 
have  caused  nucleation  of  the  crack.  This  damage  might  include  dislocation 
structures  of  the  type  observed  by  Hockey1^,  Rice  and  Bechcr^  have  noted  • 
that  horizontal  scratches  can  act  as  crack  nuclei  and  the  authors  previously-1 
found  an  angled  scratch  as  a  fracture  origin.  This  may  be  the  first 
documented  example  of  a  parallel  scratch  as  the  fracture  origiu. 

F.  Discussion 

The  analysis  of  powders  frea  two  previously  unopened  containers 
demonstrated  that  particulate  impurities  were  prevalent  in  both  grades. 

This,  together  with  the  results  previously  reported,  indicates  that  three 
major  suppliers  of  nominally  99>9Tf>  AlgCh  have  a  particulate  contamination 
problem.  A  tentative  grading  of  the  powders  based  on  the  size  and  concentra¬ 
tion  of  particulate  impurities  is  Vendors  I,  II,  and  III  in  order  of 
decreasing  particulate  contamination.  The  impurity  particulates  appear  to 
average  <**60/im  and  can  range  in  size  up  to  200  /»,  which,  of  course,  makes 
them  ready  sources  of  flaws  arid  failure  in  the  final  product.  The  produc¬ 
tion  of  high  quality  AlgO^  bodiCj?  will  require  cither  finding  a  source  of 
inclusion-free  Ai^Oj  powder,  learning  to  clean  powders,  or  encouraging  the 
present  manufacturers  to  exercise  scrupulous  care  in  powder  production. 

This  is  a  problem  that  must  be  common  to  all  users  of  high  quality  AlgOs, 
consequently  it  is  expected  that  there  would  be  great  interest  in  securing 
a  successful  solution. 

Inclusions  can  be  Introduced  during  consolidation  processing. 

Examples  of  this  have  not  been  clearly  defined  during  this  study,  but 
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Figure  20.  Spec icon  11X8-13  shoving  black,  iepurity  particulate 
as  fracture  origin. 
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Figure  21.  Speciaen  ;:bewirf»  (a)  fracture  face  mi  origin  (arrow), 

and  (b)  structure  at  origin  with  possible  critical  flaws 
(10  |2fi  grains)  denoted. 
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Figure  22.  Speciaen  1118-2  showing  (21)  fracture  fa©£  and  origin  (arrow), 
and  (b)  scratch  parallel  to  axis  of  bar  to  be  fracture  origin. 
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previous  work  in  hot  pressing  AlgO^  has  shown  the  necessity  of  establishing 
procedures  for  eliminating  particulate  carbon  as  an  in-process  inclusion. 

In  terms  of  the  generalized  defects  observed  in  hot  pressed  billets, 
the  special  shade  zone  is  the  least  well  understood,  and  may  be  of  several 
origins.  One  such  origin  is  thought  to  be  an  impurity  particulate  which 
reacts  during  pressing  to  affect  a  spherical  zone  around  it.  The  other 
cause  may  be  agglomerate  bridging  forming  a  slightly  higher  porosity  nest. 

No  examples  of  this  defect  as  a  fracture  origin  were  encountered  in  the 
mechanical  testing.  These  defects  were  widely  spaced  reducing  the  prob¬ 
ability  of  them  being  in  the  zone  of  maximum  stress.  This  does  not  mean 
that  such  defects  can  be  ignored  or  minimized  as  applications  such  as 
gas  bearings  and  substrates  require  highly  perfect  defect-free  surfaces. 

Second  phase  inclusions  can  act  as  major  strength  limiting  defects. 

Sane  of  the  defects  found  both  in  the  powders  and  billets  range  up  to 
200  fm  in  size.  Many  were  in  the  20  pm  to  60  pm  range,  which  is  still 
apparently  too  large.  Ball  milling  the  powder  is  thought  to  be  beneficial. 

This  reduces  the  particle  size  of  inclusion  contaminants  and  uniformly 
distributes  the  grain  growth  inhibitor.  It  is  thought  that  a  finely 
divided  Si02  will  react  to  form  2Si02. 3Alg0^  as  a  thin  grain  boundary  second 
phase  which  would  be  preferred  over  a  large  o<- quartz  inclusion.  The 
grain  boundary  phase  would  still  represent  a  source  of  weakness  and  corrosion 
susceptibility  as  the  ^rain  to  grain  bond  strength  would  be  reduced  over  a 
pure  Al20o  system.  The  ball  milling  employed  was  apparently  not  sufficient 
to  completely  reduce  the  impurities  to  a  grain  boundary  phase.  Furthermore, 
it  is  not  clear  whether  or  not  this  approach  is  feasible.  However,  it  is 
thought  that  further  advances  can  be  made  both  by  the  manufacturers  of  powder 
and  in  processing. 

Exaggerated  grain  growth  may  result  from  one  of  three  causes. 

Since  MgO  is  added  as  a  grain  growth  inhibitor,  one  explanation  is  that 
the  MgO  was  not  uniformly  distributed  and  that  the  grains  grew  by  the 
classic  exaggerated  grain  growth  mechanism.  The  fabrication  process  included 
a  16-hour  wet  ball  milling  as  the  manner  of  mixing  the  MgO,  which  is  usually 
considered  to  be  a  very  efficient  and  thorough  manner  of  mixing.  A  second 
possible  explanation  is  that  impurities  were  clustered  in  a  local  volume 
and  promoted  grain  growth  to  the  point  where  exaggerated"  grain  growth  took 
over/  resulting  in  the  very  large  grains.  Large  colored  grains  of  oCAlpOp 
have  been  found  and  are  taken  as  'evidence  for  impurity  promoted  grain  growth. 

A  third  possibility  is  that  large  O<Al203  grains  were  present  in  the  powder 
(Figure  10)  and  acted  as  nuclei  for  further  exaggerated  growth. 

The  two  billets  tested  in  this  period  had  essentially  equal  strengths.- 
One  was  vacuum  pressed  (1118)  and  the  other  ambient  pressed.  Also,  billet 
1118  had  a  grain  size  about  1  yum  larger  than  No.  459*  Normally  the  vacuum 
pressing  results  in  stronger  material,  as  does  going  to  smaller  grain  sizes 
provided  density  remains  constant.  The  billets  in  question  varied  in  such 
a  way  that  the  atmosphere  and  grain  size  parameters  my  have  cancelled, 
resulting  in  billets  of  equal  strength.  Such  a  line  of  reasoning  probably  . 
would  have  been  acceptable  if  the  fracture  origins  had  not  been  examined 
in  detail.  Having  done  so  it  is  possible  to  emphatically  state  that  flaws 
larger  than  the  matrix  grain  size  controlled  the  recorded  -fracture  stresses 


of  the  billets  in  question.  This  being  true,  there  is  no  reason. to  expect 
average  strengths  frcm  these  billets  to  fit  on  any  strength-grain  size, 
plot  in  a  way  that  could  be  used  in  any  mechanistic  arrangement. 

Several  specimens  where  the  flaw  size  was  accurately  measured  are 
plotted  in  Figure  23  as  strength  versus  flaw  size,.  Also  plotted  are 
several  data  points  from  the  previous  work-*1  and  three  commonly  referenced11*1 
strength  versus  grain  size  curves  where  the  grain  intercept  times  1.5  was 
considered  the  flaw  size.  There  is  perhaps  more  scatter  in  the  data  than 
sometimes  observed  in  strength-grain  size  studies.  This  is  in  part  due  to 
the  fact  that  individual  data  points  are  plotted  rather  than  averaged  data. 

The  point  to  be  made,  however,  is  that  when  a  best  fit  line  is  drawn  through 
the  data,  a  line  very  close  to  the  hot  pressed  AI2O3  curve  of  Spriggs, 
Mitchell,  and  Vasilos1^  is  generated.  This  lends  credence  to  the  validity 
of  plotting  the  strength  data  versus  flaw  size  rather  than  average  matrix 
grain  size.  Another  way  of  viewing  the  agreement  is  that  it  lends  supnort 
to  the  data  of  Spriggs  et  al  suggesting  that  the  matrix  grains  rather  «han 
flaws  were  the  crack  origins  in  this  work. 

This  identical  strength  data  is  plotted  versus  the  inverse  square 
root  of  grain  or  flaw  size  in  Figure  24.  Also  included  in  this  plot  a re  . 
the  average  billet  strengths  versus  matrix  grain  size.  A  straight  1 Lne- 
extrapolating  to  the  origin  is  expected  if  the  behavior  follows  the 
Griffith  relation 

where  is  the  fracture  stress,  E  the  elastic  modulus,  ^  the  fracture 

surface  energy,  and  C  the  half  length  of  the  elliptical  cross  section  of 
the  crack.  Alternately  a  two  branch  curve  is  interpreted  to  follow  the 
Fetch  relation  of  the  form 


CTf  »  N  (  Cy)  +  KG“2 

where  n(  Q~y)  is  a  constant  related  to  the  yield  stress,  K  is  a  constant, 
and  0  is  the  grain  size.  In  addition  to  yield  or  micro-yield  phenomena, 
Ricei9  has  attributed  non-zero  intercepts  to  thermal  expansion  anisotropy 
and  elastic  anisotropies.  Figure  24  shows  that  the  Griffith  equation  (3) 
is  followed  if  the  flaw  size  is  plotted.  The  average  billet  strengths  and 
average  grain  sizes  fall  off  the  curve  and  near  the  two  branch  curve  of 
the  data  of' Spriggs  et  al1®  as  analyzed  by  Carniglia20.  It  has  been  shown 
in  this  study  that  "average  grains"  are  not  flaw  origins;  consequently, 
plotting  the  data  this  way  has  no  relation  to  the  actual  mechanism.  It  is 
suggested  that  the  data  of  Spriggs  et  al1”  is  also  subject  to  the  same 
restrictions  since  their  material  was  fabricated  from  an  earlier  version  of 
one  of  the  powders  studied  in  this  project.  Thus,  branching  of  the  Petch 
plot  for  AI2O3  appears  to  be  caused  by  increasing  flaw  to  grain  size  ratios 
with  decreasing  grain  size  rather  than  plasticity.  This  possible  explanation 
has  been  discussed  previously  by  the  authors111  and  by  Rice.1^ 

The  finding  that  the  flaws  larger  than  the  matrix  grains  can  be 
responsible  for  Petch  plots  that  appear  to  follow  the  equation  points  out 
a  difficulty  and  pit  fell  in  analyzing  data  generated  by  others  particularly 
for  fine  grain  materials.  Unless  the  fracture  surfaces  are  examined  and 
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found  free  of  flaws  larger  than  the  matrix  grain  size  (the  authors  suspect 
that  few  such  cases  will  be  found  at  grain  sizes  under  10  nm)  further  analy¬ 
sis  and  interpret? t ion  does  not  appear  warranted.  Rice1^  has  taken  the 
approach  of  emphasizing  the  large  grains  in  his  grain  size  measurement;  this 
appears  quite  correct  in  cases  where  impurity  or  porosity  related  flaws  are 
absent. 


The  results  of  this  study  as  well  as  the  previous  effort  in  this  area 
indicate  that  care  must  be  exercised  in  performing  a  Weibull  analysis  on 
ceramics.  Certainly  in  the  case  of  hot  pressed  AI2O3  difficulty  could  be 
expected  if  different  powder  vendors  were  used  to  supply  powder  for  the 
billets  under  consideration.  Evidence  was  obtained1^  for  a  lot  to  lot 
variation  in  particulate  analysis  and  final  properties  from  one  vendor's 
powder.  Consequently,  at  this  state  of  the  art  the  establishment  of 
Weibull  constants  would  have  limited  application. 

The  liquid  N2  tests  were  interesting  in  that  higher  strengths  were 
recorded,  yet  at  least  two  specimens  had  fracture  origins  at  particulates. 
Charles  and  Shaw11+  reasoned  that  in  an  ambient  atmosphere  non-critieal 
cracks  grew  under  the  influence  of  stress  corrosion  to  the  critical  size 
for  propagation.  Higher  strengths  were  recorded  at  -196°C  because  crack 
growth  cannot  occur  by  this  mechanism  and  higher  stresses  are  required 
to  propagate  a  smaller  flaw.  It  would  seem  that  many  of  the  flaws  seen  in 
the  ambient  tests  were  not  large  enough  to  propagate  without  added  growth 
by  stress  corrosion.  Consider  the  black  particulate  inclusions  in  billet  1118 
for  example.  Under  ambient  conditions,  64.4  kpsi  are  required  for  crack 
propagation,  but  at  -196°C  an  average  of  91.5  kpsi  are  required.  These 
facts  suggest  several  possibilities;  (l)  the  particulate  flaws  of  40  *uu 
(Figure  20)  may  not  be  large  enough  and  stress  corrosion  may  be  required  to 
extend  a  surface  crack  to  the  flaw  with  a  net  crack  length  that  satisfies 
the  Griffith  criterion,  or  (2)  a  change  in  the  crack  nucleation  mechanism 
occurs  between  23  C  and  -190  C.  The  latter  possibility  might  entail  a 
dislocation  nucleated  fracture  at  the  higher  temperature  and  a  truly  brittle 
extension  of  the  flaw  at  -I96  C.  This  would  imply  that  dislocations  interact 
preferentially  with  flaws  since  flaw  origins  were  found  at  23°C.  Although 
possible,  this  does  not  appear  likely  as  dislocation  mobilities  are  likely 
to  be  restricted  by  the  imperfect  structure  surrounding  a  flaw.  Assuming 
that  the  Griffith  relation  applies  and  that  double  cantilever 
beam  fracture  surface  energies  are  applicable,  sane  idea  of  the  necessary 
flaw  size  for  fracture  can  be  calculated.  Consideration  of  the  recent 
measurement  of  for^A^C^21"214'  led  to  the  conclusion  that  the  »  24.3 
J/ra2  value  of  Swanson*--'-  was  a  reasonable  compromise  value  for  this  calcula¬ 
tion.  This  calculation  gives  for  the  samples  in  question 

at  i?3°C,  64.3  kpsi  -  C  =  32.2  pm, 

Maximum  flaw  diameter  =  64.4  pm, 
at  -196°C,  91.5  hpsi  -  c  -  16.0  pm 

and 

Maximum  flaw  diameter  =  32  pm. 

Thus,  in  view  of  the  measured  flaw  diameter  of  40 /mi  for  the  black 
particulates  of  Figure  20,  further  growth  by  stress  corrosion,  for  example, 
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might  be  required  to  cause  fracture  «t  64.3  kpsi.  Based  on  this  fracture 
mechanics  view,  model  (l)  above  appears  quite  reasonable. 

G.  Conclusions 


1.  Three  commonly  used  hot  pressing  grade  99*97$  AlgO^  powders 
contain  particulate  impurities  which  lead  to  inclusions  and/ 
or  flaws  in  the  product. 

2.  Pour  types  of  defects  were  found  in  hot  pressed  billets 
where  the  most  severe  in  terms  of  limiting  strength  were 
particulate  inclusions  followed  by  large  grains,  fine 
grain  patches,  and  spherical  shade  zones. 

3.  Seventy -two  percent  of  the  fractures  could  be  traced  to  a 
defect  in  the  material.  The  flaws  could  not  be  found  in 
20$  of  the  specimens,  while  the  remaining  8$  could  be 
ascribed  to  a  machining  error. 

4.  Since  strengths  were  shown  to  be  controlled  by  flaws 
larger  than  the  grain  size,  any  effort  to  relate  strength 
to  "average"  microstructure  or  method  of  processing  was 
ruled  invalid. 

5.  A  Petch  plot  can  have  a  non-zero  intercept  due  to  the  increas 
ing  crack/grain  size  ratio  with  decreasing  grain  size.  Thus, 
although  microplastic  effects  are  acknowledged  as  being 
important  in  some  systems,  a  non-zero  intercept  should  not, 
without  examination  of  fracture  origins,  be  considered  proof 
of  plastic  or  anisotropy  related  fracture  initiation. 

6.  A  fracture  mechanics  view  of  the  strength  differences  at 
23°G  and  -196°C  and  particulate  flaws  at  fraeture  origins 
led  to  the  conclusion  that  further  crack  extension  by  stress 
corrosion  can  be  required  to  cause  flaws  to  be  critical. 

7.  Using  a  well  aligned  roller  bearing  bend  fixture,  thickness, 
variations  in  rectangular  beam  specimens  must  be  under 
0.0005  inch  to  prevent  strength  limiting  stress  concentration 

IV.  VOLATILE  SPECIES  IN  HOT  PRESSED  Alg03 


A.  General 

Upon  heat  treatment,  hot  pressed  materials  normally  lose  weight 
nnd  density.  This  is  thought  to  be  a  result  of  processes  in  addition  to 
pore  coalescence  which  causes  "over-firing"  in  preosurelesa  sintering.  The 
additional  mechanisms  have  been  attributed  to  either  the  expansion  due  to 
an  absence  of  an  overpressure  of  insoluble  gases  trapped  in  pores,  or  the 
development  of  gases  due  to  decomposition  or  reaction  of  a  chemical  species 
iu  the  annealing  environment.  Rice25  believes  that  molecules  such  as  0H“, 
504-2,  C03"2  are  residual  from  the  powder  calcining  and  subsequent  handling 
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operations.  These  become  entrapped  at  grain  boundaries  and  pores  during 
hot  pressing.  The  phenomena  persists  for  vacuum  pressed  MgO  even  using 
porous  or  dense  dies,  and  C,  AlgO^,  or  Mo  die  materials.  This  by  itself  . 
implies  that  the  powder  is  the  source  of  the  volatiles.  Rossi  and  Pulrath2'3 
in  their  study  of  final  stage  pressure  sintering  densification  of  AI2Q3 
found  that  end  point  densities  can  result  from  gases  trapped  within  the 
die  during  pressing.  By  alcohol  washing  the  powder,  they  were  able  to 
reach  high  density  and  observe  first  order  kinetics,  a  fact  they  attributed 
to  absorbed  HgO  on  the  surface  of  the  AlgO^  crystallites.  It  appears  to 
the  authors  that  the  possibility  of  envirc.imental  gas  entrapment  could 
also  contribute  to  the  problem.  The  work  of  Coble*'-?  on  sintering  AlgCu 
demonstrates  that  the  gaseous  species  present  in  the  furnace  influences 
the  final  sintered  density.  This  was  interpreted  as  being  a  result  of 
differing  gr*  solubilities  where  certain  gases  such  as  H2  are  sufficiently 
insoluble  to  ^uhibit  the  final  stage  of  pore  removal.  Similar  effects 
could  be  operative  in  pressure  sintering.  Consequently,  there  are  at  least 
three  possible  sources  of  gases  in  hot  pressed  material;  decomposition 
products  from  the  base  salt,  volatiles  absorbed  on  powder  surface  sites,  and 
entrapment  of  gases  present  in  the  die  cavity. 


These  gases  influence  properties  which,  of  course,  is  the  main 
reason  for  concern  and  serious  study.  The  optical  properties  of  transparent 
poiycrystalline  inorganic  compounds  are  seriously  downgraded  by  pore  coarsen¬ 
ing.  This  can  be  a  problem  in  manufacture  and  high  temperature  applications. 

It  can  also  be  a  problem  in  fabrication  as  demonstrated  by  Huffadine  et  al2° 
for  MgF*2  and  ZnS .  They  found  it  necessary  to  maintain  pressure  during  the 
initial  part  of  the  cooling  cycle  to  prevent  pore  coarsening  and  an  attend¬ 
ant  loss  of  transmissivity.  Mechanical  properties  are  also  affected  by 
these  phenomena.  A  slow  anneal  of  MgO  can  increase  ambient  temperature 
strength  presumably  due  tc  slow  diffusion  and  volatilisation  of  grain  bound¬ 
ary  impurities.  In  contrast,  rapid  heating  to  the  1100°  -  1300°C  annealing 
temperature  generates  mensurable  porosity  and  lowers  the  ambient  strength. 

The  effect  of  heating  rate  and  presence  or  absence  of  pore  generation  on 
elevated  temperature  mechanical  properties  have  not  been  documented  in  a 
controlled  fashion.  However,  density  and  color  changes  have  been  noted  during 
the  course  of  creep  studies  on  hot  pressed  AlgOj.  Many  oxides  exhibit 
strength  oC  (grain  size )"r  relations  which  break  down  at  grain  sizes  under 
2  pm.  In  fact,  strength  has  actually  been  shown  to  decrease  at  grain  sizes 
under  1  pm  in  MgO  and  kl^Oy^  One  explanation  for  the  phenomena  is  that 
high  anion  impurities  associated  with  the  fine  powders  and  lack  of  grain 
growth  lead  to  decreased  grain  to  grain  bond  strength. 

The  ultimate  objective  of  this  study  ia  to  obtain  an  understanding 
of  gas/pore/property  relationships  in  hot  pressed  Al^Ov  the  initial  effort 
has  dealt  with  one  aspect  of  this  problem;  the  relationship  between  powder 
precursor,  hot  pressing  environment,  and  chemistry  of  volatile  species. 

B.  Experimental 

The  materials  for  analysis  were  selected  to  test  a  number  of  variables 
These  samples  listed  in  Table  TX  consist  of  both  ambient  and  vacuum  hot 
pressed  Al^O?  from  the  atanonium  aluminum  sulfate  precursor.  Also,  a  sintered 
sample  from  the  same  precursor  was  a.alyzed.  Three  different  powder  precursors 
were  tested  for  vacuum  pressed  products,  and  finally  an  annealed  and 


* Luca lax  fran  General  Electric  Co.,  processing  details  assumed  from  various  publications. 
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as-pressed  sample  were  analyzed  for  one  high  purity  vacuum  hot  pressed 
sample  from  the  aluminum  nitrate  precursor.  The  latter  samples  were  also 
chemically  analyzed  by  several  techniques. 

The  mass  spectrographic  system  consisted  of  an  induction  heated 
tungsten  effusion  cell  coupled  to  a  Bendix  time -of -flight  mass  spectrometer. 
The  effusion  cell  was  placed  in  the  vacuum  chamber  in  such  a  way  that  gases 
effusing  fran  the  cell  passed  into  the  spectrometer  ion  source  by  a  direct 
line-of-sight  path.  This  system  had  the  advantage  over  other  possible  gas 
handling  systems  that  unstable  species  such  as  free  radicals  or  condensible 
species  could  be  detected.  A  movable  shutter  which  could  block  the  line-of- 
sight  path  from  the  cell  to  the  ion  source  was  useful  in  identifying  non¬ 
condensible  versus  condensible  gases.  It  was  found  during  the  course  of 
the  work  that  a  memory  effect  required  a  high  temperature  degassing  of  the 
effusion  cell  prior  to  introducing  each  new  sample. 

C.  Results 


Figure  25  illustrates  the  mass  spectrum  observed  during  a  typical 
run,  with  a  background  spectrum  shown  for  comparison.  The  background 
spectrum  is  composed  of  peaks  identified  with  compounds  common  to  most  high 
vacuum  systems!  H2O,  N2,  and  CO,  O2,  CK^,  and  other  hydrocarbons.  The 
spectra  taken  during  the  run  are  characterized  principally  by  a  large 
increase  in  the  contribution  fran  carbon  monoxide,  CO.  This  is  observed  as 
a  large  increase  in  intensity  of  the  mass  28  peak  (C0+).  Nitrogen  (N2+). 
also  exhibits  its  major  mass  peak  at  28,  but  CO  and  N2  can  be  distinguished 
easily  by  comparison  of  their  complete  mass  spectra.  Under  electron  impact, 
molecular  nitrogen  undergoes  ionization  and  dissociation  to  produce  the 
ions  N2+  (mass  28),  N+  (mass  14),  and  N2++  (mass  l4),  while  carbon  monoxide 
yields  ions  C0+  (mass  28),  0+  (mass  16),  C0^+  (mass  14)  and  C+(mass  12). 

The  spectrum  shown  in  Figure  25  shows  large  increases  in  intensity  of  peaks 
at  masses  12  and  16  as  well  as  at  mass  28,  but  only  a  slight  increase  at 
mass  14,  identifying  the  evolved  gas  as  carbon  monoxide. 

Above  1300°C  the  mass  spectrum  for  Sample  459  showed  peaks  at  masses 
70  and  27  as  illustrated  in  Figure  25.  The  movable  shutter  Identified 
these  gases  as  condensible,  indicating  the  presence  of  AlgO  and  Al,  respect¬ 
ively.  These  species  have  been  previously  seen  by  DeMaria  et  al^°  when 
AlgO^  is  heated  xn  a  reducing  atmosphere.  The  major  difference  between 
the  present  study  and  that  referenced  is  that  evolution  of  AlgO  and  Al 
began  at  a  much  lower  temperature  for  the  present  work,  indicating  the 
presence  of  stronger  reducing  conditions. 

A  chip  of  Lucalox  was  heated  to  a  maximum  temperature  of  1670°C 
without  any  identifiable  AlgO  or  Al  peaks.  Some  CO  evolution  occurred, 
but  much  less  than  for  Sample  45?.  This  experiment  was  repeated  twice 
with  similar  results*.  The  lack  of  AlgO  or  Al  for  Lucalox  suggests  that 
C  is  present  in  hot  pressed  billet  459,  resulting  in  the  reaction; 

2  A1203  (s)  +  5  C  (s) - **A120  (g)  +  2  Al  (g)  +  5  CO  (g)  (l) 

•McRae^i  also  observed  CO  (mas3  28)  e>  olved  from  Lucalox  and  attributed  it 
to  dissolved,  chemisorbed  and  occluded  gases. 
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Figure  25.  Mat:;'  syo'.'trun  (n)  background,  and  (b)  sample  at  150O°C 

showing  evolved  Al  ,o  (mu.v  /o),  GO  (ma  s  "?3)t  and  A1  (mass  ?Y ) . 
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Many  of  the  hot  pressed  samples  listed  in  Table  IX  did  not  exhibit  the 
presence  of  AljO  and  A1  in  heating  to  1550°C.  Thus,  reaction  (1 )  does  not 
appear  to  be  dominant  in'  all  grades  of  hot  pressed  materials . 

The  samples  listed  in  Table  IX  were  traversed  to  1550°C.  Sample  459 
was  heated  twice.  The  dominant  species  that  was  clearly  identified  as  being 
evolved  from  the  AlgO^  samples  was  mass  28.  The  portion  above  background 
was  Judged  to  be  CO  as  discussed  previously.  Because  A120  and  A1  were  not 
observed  on  all  samples,  it  appears  likely  that  CO  gas  rather  than  C  is 
entrapped  for  many  grades  of  hot  pressed  AlgOj.  This  particular  question 
was  rot  fully  resolved  at  this  point  in  the  study,  and  will  be  discussed 
further.  Sample  1245,  a  sulfate  derived  AlgO^,  was  taken  through  its  melt¬ 
ing  point  without  any  sign  of  a  S  related  species.  Upon  melting,  there  was 
a  massive  evolution  of  CO  which  swamped  the  electronics. 

The  relative  intensity  of  mass  28  was  recorded  versus  time  at  each 
of  4  temperatures  from  930°C  to  1550°C.  Quantitative  data  was  not  recorded 
for  the  initial  heating  of  sample  459,  however.  As  each  new  temperature 
was  reached,  the  mass  28  peak  height  rose  through  a  maximum  and  decayed 
to  a  nearly  constant  value.  These  values  are  proportional  to  concentration, 
but,  of  course,  are  arbitrary  units. 

It  was  reasoned  that  the  concentration  evolved  would  be  proportional 
to  the  surface  area  of  the  sample.  Thus,  the  peak  heights  were  divided 
by  surface  area  and  plotted  versus  reciprocal  temperature  in  Figures  §6  and 
2?  for  the  maximum  concentration  and  near  steady  state  value,  respectively. 
The  near  steady  state  concentration  values  (Figure  ?T)  for  Samples  1245, 

1650,  and  Lux-2  appear  to  rise  with  temperature  as  expected  for  a  thermally 
activated  process.  The  peak  concentrations  also  show  thin  trend  at  ail  but 
the  lowest  temperature  where  high  concentrations  of  CO  were  evolved.  This 
low  temperature  phenomena  is  undoubtedly  a  result  of  initial  degassing  of 
the  surface.  As  the  temperature  was  increased,  CO  apparently  diffuses  from 
the  interior  of  the  specimen  and  is  desorbed.  Such  a  process  probably 
involves  an  activation  energy  of  motion  explaining  the  higher  concentrations 
at  high  temperatures.  In  contrast.  Samples  1 368-1  and  1368-3  exhibited 
approximately  equal  concentrations  of  CO  evolution  at  all  temperatures . 

This  can  be  explained  as  resulting  from  desorption  of  the  surface  or  a  near 
surface  layer.  The  downward  trend  of  concentration  with  increasing  temper¬ 
ature  suggests  a  clow  depletion  of  this  surface  layer.  Hie  initial  heating 
of  the  ambient  hot  pressed  staple  459  gave  qualitative  evidence  for  massive 
CO  evolution  (Figure  25),  However,  the  second  heating  of  the  same  sample 
(Figures  26  and  27)  demonstrated  that  the  CO  evolution  um  rather  low.  This 
is  taken  as  further  evidence  for  a  slow  depletion  of  a  surface  layer. 

Chemical  analyses  have  been  performed  on  powder,  pressed,  and 
annealed  samples  from  Johnson  Katthey  AigOs.  Samples  1368-3  atui  1 368*1, 
analysed  in  these  experiments,  are  representative  of  the  latter  two  types 
of  samples.  Table  X  lists  these  analyses  of  possible  volatile  specie? 
performed  by  a  variety  of  techniques.  A  factor  of  4  disagreement  among 
the  techniques  is  noted.  Greater  confidence  is  placed  in  the  vet  chemical, 
fusion  and  spark  source  mass  spectrometry  analyses  than  the  plasma  source 
spectrometry.  It  is  interesting  to  note  that  according  to  the  fusion 
analysis,  C  actually  decreased  as  a  result  of  hot  pressing.  Since  the 
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TABLE  X 


Anion  Analysis  of  Impurities  In  High  Purity  Alumina* 


Concentration  in  ppnw  for 

Samples 

Element 

Technique 

Powder 

As-Pressed 

Annealed 

C 

Plasma  mass  spec* 

5 

18 

w 

Fusion 

800 

80 

Plasma  mass  spec. 

*20 

F 

Spark  mass  spec. 

4 

4 

10 

Wet  chemical 

18 

Cl 

Plasma  mass  spec. 

*0.3 

Spark  mass  spec. 

50 

40 

15 

s 

Spark  mass  spec. 

10 

10 

10 

Analysis  of  material  equivalent  to  1368-1  and  l>>8-3* 
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sample  was  prepared  into  a  powder  for  analysis,  some  CO  entrapped  during 
pressing  could  probably  be  lost  to  the  atmosphere  at  this  point.  The  plasma 
source  mass  spectrometric  analysis  shows  a  gain  in  C  during  pressing.  This 
analysis  was  performed  on  a  solid  sample,  thus  it  might  include  entrapped 
CO.  Based  on  the  analyses  alone,  Cl  is  the  only  other  species  that  can  be 
expected  to  be  evolved  during  the  Knudsen  cell  heating,  and  none  was  seen. 

The  weight  loss  during  the  Knudsen  cell  experiments  is  listed  in 
Table  XI.  For  the  hot  pressed  samples  the  weight  losses  correlated 
qualitatively  with  the  amount  of  CO  evolved  at  the  maximum  temperature; 
the  correlation  is  better  for  the  weight  loss  normalized  per  unit  area  of 
the  sample  than  per  unit  mass  as  would  be  expected  if  the  loss  of  CO  were 
diffusion  limited.  This  did  not  hold  for  the  sintered  sample,  Lux-2,  which 
did  not  lose  weight,  but  apparently  evolved  CO.  Hot  pressed  sample  459 
was  large  enough  to  make  accurate  density  measurements  before  and  after  its 
two  Knudsen  cel]  neating  runs.  The  initial  density  gain  was  quite  unexpected 
as  it  was  felt  bloating  would  occur  due  to  the  rapid  heating;  a  small  density 
loss  was  recorded  for  the  second  heating.  The  change  in  density  is  thought 
to  be  real,  as  density  was  measured  four  times  with  standard  deviations  of 
+  0.007  gm/ce  and  +  0.004  gm/cc . 

These  total  weight  losses  are  very  much  higher  than  can  be  accounted 
for  by  carbon  present  simply  from  gas  entrapped  in  the  pores  at  the  point 
of  pore  closure.  Assuming  that  the  pores  contain  CO  at  1  atm.  pressure 
and  that  closure  occurs  at  7$  porosity,  the  entrapped  carbon  would  be  only 
2  ppm,  and  for  vacuum  hot  pressed  material  the  carbon  content  from  entrapped 
gas  would  be  even  lower.  This  is  orders  of  magnitude  less  than  the  80  ppm 
measured  foi  the  high  purity,  vacuum  hot  pressed  material,  or  than  carbon 
contents  as  high  as  470  ppm-*2  measured  on  other  hot  pressed  AI2O3.  Much 
of  the  observed  weight  loss  can  be  accounted  for  on  the  basis  of  these 
higher  carbon  contents  assuming  some  reduction  and  vaporization  of  AI2O3 
as  in  equation  1.  These  results  both  indicate  that  there  is  significantly 
more  carbon  present  than  that  entrapped  as  gas  at  pore  closure.  Since 
these  powders  are  not  carbonate  derived  and  the  carbon  contents  are  higher 
than  usually  measured  for  the  powder,  it  seems  probable  the  carbon  is  picked 
up  from  the  hot  pressing  dies.  It  is  difficult  to  know  the  driving  force 
for  transport  or  the  form  of  the  carbon  in  AI2O3  since  there  are  no  solubil¬ 
ity  data  for  C,  CO,  or  CO2  in  AI2O3.  Both  solid  diffusion  and  gas  transport 
could  provide  mass  transport  from  the  die  to  increase  the  C  and  CO  to  the 
solubility  limits.  Carbon  could  also  be  present  as  a  second  phase.  Because 
of  the  temperature  dependence  of  the  equilibrium  CO/CO2  ratio  this  could 
result  from  gaseous  transport  and  redeposition  of  solid  carbon  in  the  compact 
during  heating  when  the  temperature  of  the  die  is  greater  than  that  of  the 
compact.  Physical  inclusion  during  loading  could  also  be  a  contributor 
although  care  is  taken  to  eliminate  this,  A  final  possibility  is  reduction 
of  AlpOo  to  form  AI4C3  or  oxycarbides;  however,  the  thermodynamics  do  not 
appear  to  favor  this  under  the  hot  pressing  conditions  before  pore  closure, 
and  there  is  little  microstructural  evidence  for  it. 

In  spite  of  the  uncertainty  as  to  the  form  of  most  of  the  carbon 
present,  it  is  of  interest  to  consider  briefly  the  form  of  the  gas  which 
is  entrapped  at  pore  closure.  After  closure,  the  pore  can  shrink  to  an 
equilibrium  size  at  which  the  internal  pressure  is  in  equilibrium  which 
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TABLE  XI 


Correlation  of  Physical  Chang*  with  Qae  Evolution 
in  Knuds cn  cell  Heating  Sxntrla»nta 


Sample 

Aw,  j 

®r  ?>  4 

mf<sar  x  10 

j.??u  y  i;u 

Peak  Height 

1245 

-0.63 

7.6 

12,650 

1650 

-0.55 

8.9 

19,000 

459  1st 

-0.37 

11.5 

•to.  175 

(high  qual.  only) 

2nd 

-0.035 

1.0 

.0.091 

69 

1368-3 

-O.O83 

1.1 

153 

1368-1 

-0.040 

0.6 

59 

Lux-2 

0 

0 

1825 

•'  «iv*  ■  •>. ..w*.--1  \v 
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the  externally  applied  pressure  and  the  surface  tension,  assuming  spherical 
pores: 

Pi  »  +  Pa 

r 

where  r  is  the  pore  radius,  p^  the  internal  pressure,  pa  the  external 
pressure,  and  the  surface  energy.  Assuming  the  gas  to  be  present  at  the 
ambient  pressure  at  closure  (which  in  hot  pressing  is  less  than  the  applied 
pressure)  and  assuming  ideal  gas  behavior  the  equilibrium  pore  size  and 
final  density  can  be  easily  calculated.  This  has  been  done  neglecting0gas 
solubility,  taking  the  porosity  at  closure  as  7$  and  using  1000  erg/cm£‘ 
for  and  is  plotted  in  Figures  28  and  29  as  a  function  of  the  initial 
pore  size  at  closure.  These  were  calculated  for  ambient  hot  pressing  taking 
p0  =  1  atm.  and  for  vacuum  pressing  using  pQ  =  10"  3  atm.,  which  is  higher 
than  the  measured  vacuum  levels  to  account  for  the  low  powder  permeability. 

The  calculations  are  done  for  an  applied  pressure  of  5000  psi  and  for 
ambient  pressures  which  would  be  typical  of  sintering  and  also  of  the  condi¬ 
tions  for  equilibration  in  firing  hot  pressed  bodies  at  ambient  pressure. 

For  these  materials  with  1-2  p  grain  size,  it  is  expected  that  most  of  the 
pores  would  be  between  0.1  and  1  at  closure.  It  is  interesting  that  for 
such  fine  grain  sizes  the  final  porosities  are  less  than  0.1$  even  for 
ambient  pressing  and  further  the  ''mount  of  bloating  on  refiring  is  small 
to  insignificant.  For  vacuum  pressing  the  equilibrium  porosity  and  bloating 
on  refiring  for  small  pores  are  too  small  to  be  measurable.  This  indicates 
that  bloating  must  result  from  larger  pores  present  at  closure  or  from 
gaseous  diffusion  between  pores  during  hot  pressing  and  during  refiring. 

For  the  fine  pore  size  predicted,  the  internal  pressures  are  very  high  and 
gas  solubility  may  be  expected.  Coble33  has  treated  this  analytically, 
showing  that  for  fine  pores,  solubility  be canes  increasingly  important, 
but  there  are  no  CO  or  C02  solubility  data  to  allow  quantitative  analysis. 

These  considerations  plus  frequent  observation  of  bloating  on  refiring, 
suggest  that  the  solubility  and  diffusivity  of  the  CO  is  sufficient  to 
allow  some  pore  coarsening  during  hot  pressing  or  refiring  of  this  fine 
grained  AlgO^. 

The  view  that  emerges  is  that  two  simultaneous  phenomena  are  contribut¬ 
ing  to  the  weight  loss  and  CO  evolution:  (l)  C  is  reacting  with  Al20o 
according  to  equation  (l)j  and  (2)  CO  gas  is  entrapped  and  diffuses  along 
grain  boundaries  to  the  surface  and  desorbs.  There  does  appear  to  be  a 
correlation  of  gas  evolution  with  powder  precursor.  The  sulfate  and  tri- 
hydrate  derived  powders  are  associated  with  high  evolution,  whereas  the 
nitrate  gave  a  low  evolution.  Some  CO  was  present  in  the  as-pressed  material, 
however,  as  the  annealed  sample  (1368-1)  evolved  lower  concentrations. 

The  study  to  date  has  not  adequately  defined  the  differences  between  vacuum 
and  ambient  hot  pressed  Al20o.  Clearly  they  both  evolve  high  concentrations 
of  CO,  and  further  work  is  required  on  this  latter  point. 

Annealing  and  the  effect  of  annealing  on  pore  composition  and  pore 
volume  has  received  only  introductory  attention,  and  the  results  were  quite 
surprising.  It  can  definitely  be  concluded  that  ambient  hot  pressed  A120^ 
can,  under  3ome  conditions,  be  rapidly  heated,  evolving  copious  quantities 
of  CO  with  an  appaient  improvement  to  the  pore  structure  reflected  by  an 
increased  bulk  density.  The  limits  of  this  condition  will  be  the  subject 
of  further  studies. 
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The  findings  to  date  are  somewhat  in  contrast  to  those  of  Rice‘S 
who  reported  CO,  OH,  H2O,  CO2,  and  mass  3^-  (H2S)  to  be  evolved  from  hot 
pressed  Linde  A  AI2O3.  The  current  effort  found  no  evidence  for  mass  34. 
This  is  especially  surprising  since  sample  1245  was  fabricated  from  a 
X  AI2O3  derived  frcm  NH^AllisOi^g  .  12  H2O  which,  of  course,  means  that  it 
received  less  calcination  than  the  powder  used  by  Rice  which,  if  it  was 
standard  Linde  A,  contained  eC  AI2O3  as  a  major  phase  and  only  minor  ^  Al20->. 
Also,  although  OH,  H2O  and  CO2  were  observed,  it  was  Judged  that  these  could^ 
be  assigned  to  a  background  source. 

D.  Conclusions 


1.  The  major  species  evolved  frcm  AlgO,  hot  pressed  in  graphite 
dies  is  CO  which  is  thought  to  be  entrapped  frcm  the  pressing 
environment.  The  evolution  results  in  a  weight  loss  which  is 
proportional  to  the  CO  evolved. 

2.  There  appears  to  be  a  correlation  between  the  CO  evolved  and 
the  AI2O3  precursor.  The  Al(NOo)^  derived  powder  evolved 
markedly  lower  concentrations  or  CO. 

3.  The  evolution  of  CO  seems  to  be  limited  by  a  kinetic  process. 
The  nature  or  mechanism  of  the  process  has  not  been  analyzed. 

4.  No  gaseous  species  directly  related  to  the  powder  precursor 
was  observed  during  Knudsen  cell  heating  to  2000 °C  for  a 
sulfate  derived  powder  or  to  1550°C  for  the  other  powders. 

5.  Although  a  loss  of  density  has  been  observed  upon  rapid  heat¬ 
ing  of  hot  pressed  AI0O3,  similar  heating  conditions  can  result 
in  an  increased  density  and  massive  evolution  of  CO. 

V.  PRESS  FORGING  S^N^ 


A.  General 


Silicon  nitride  has  become  an  important  engineering  material. 

Many  laboratories  are  engaged  in  efforts  to  improve  the  properties  and 
fabricate  shapes.  Hot  pressing  experiments  conducted  at  Avco^  and 
Westinghouse35  suggested  that  a  slight  preferred  orientation  is  developed 
during  a  conventional  hot  pressing  cycle.  This  suggested  that  a  press 
forging  approach  similar  to  that  employed  for  AI2O3  might  provide  the  ability 
to  achieve  unique  shapes  and/or  properties.  Several  preliminary  experiments 
are  reported  in  this  section. 

B.  Materials 


High  oC  SioN^  powder*  was  ball  milled  with  4$  MgO  using  an  AI2O3 
ball  mill  and  alcohol  media.  (Subsequent  work  has  shown  chat  WC  balls  and 
tertiary  butanol  provide  a  superior  mixing  procedure. )35  The  dried  powder 
was  cold  pressed  into  a  2-inch  diameter  by  1-inch  high  preform  for  a  flat 
disc  forging  and  a  1-inch  diameter  by  1-inch  high  preform  for  a  hemispherical 
forging. 
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C.  Results  and  Discussion 

The  forging  conditions  and  results  are  listed  in  Table  XII.  The 
95 i>  of  theoretical  density  for  1771  vas  considered  reasonable  for  the  first 
attempt,  but  certainly  not  outstanding.  The  billet  was  flat,  with  only 
minor  edge  cracking,  indicating  an  extensive  capacity  **or  forging. 

The  hemispherical  forging,  1788,  was  quite  successful.  Rim  cracks 
were  restricted  to  the  disposable  skirt.  A  sound  moderately  high  density 
full  hemisphere  was  obtained  as  shown  in  Figure  30.  The  hemispherical 
surface  illustrated  is  an  "as-pressed"  surface.  The  forging  die  fractured 
on  this  run  pointing  to  one  problem  that  must  be  considered  in  future  work. 

It  is  thought  that  thermal  expansion  mismatch  between  the  die  and  product 
produced  the  strain  to  fracture  In  the  cool  down  cycle.  A  hot  extraction 
procedure  must  be  devised. 

A  strong  microstructural  texture  was  observed  in  sample  1771 
(Figure  31).  This  is  an  extremely  strong  microstructural  texture  and  ccrapares 
with  any  of  the  press  forged  AlgOg  samples  examined. 

The  sample  was  analyzed  by  X-ray  analysis  with  the  phase  analysis 
reported  In  Table  XIII,  This  billet  was  higher  in  retained  SigNgO  than  had 
been  seen  on  a  recently  completed  program. ^  This  is  probably  due  to  the 
fact  that  the  sample  was  unconfined  and  porous  up  to  1700°C,  the  temperature 
of  forging.  The  retention  of  a  minor  amount  of  Otf-SigN^  is  common  as  is 
the  finding  of  a  trace  concentration  of  FegSi  which  is  "an  impurity  caning 
frcm  the  starting  Si  in  the  powder  production. 

TABLE  XIII 

Phase  Analysis  of  Press  Forged  SigN^  (1771 ) 


Phase 

Concentration 

Percent 

^  -SigK 4 

72 

pC  -Siglfy 

2 

SijjNgO 

26 

FegSi  (tentative) 

trace 

An  inverse  pole  figure  for  ^  -SigN^  phase  vas  p^p****  from  *r 
area  on  a  polished  .surface  normal  to  the  pressing  direction  located  approxi¬ 
mately  0.5  inch  from  the  rim.  The  analytical  technique  was  identical  to  that 
described  in  Section  II.  Some  possible  interference  vas  expected  from  the 
Oi.-SigN^,  but  because  of  the  low  concentration  the  interference  vac 
predicted  to  be  small.  The  pole  figure  is  shown  in  Figure  32,  Also 
indicated  on  this  plot  are  maximum  possible  errors  due  to  instrumental 
variation.  The  plot  3howa  a  moderate  crystallographic  orientation  with  the 
"c"  axis  normal  to  the  pressing  direction.  The  SigHgO  phase,  which  is 
orthohombic,  exhibited  a  lesser  degree  of  orientation  with  the  "b"  axis 
normal  to  the  pressing  direction.  This  orientation  is  compatible  with  the 


Figure  32.  Inverse  tole  Figure  for  Pireee  gorged  Si-jHi* 


-71- 


(l0.0^<00.1>3lip  system  where  the  slip  plar  rotates  normal  to  the  applied 
force  due  to  shear  within  grains  oriented  favorably  for  slip. 

Four  point  bend  strengths  and  unnotched  Charpy  mode  impact  strengths 
were  measured  on  billet  1771.  These  are  reported  and  compared  with  two 
hot  pressed  Si^Ify  billets  prepared  on  another  program^  in  Table  XIV. 

Hot  pressed  billet  1810  was  fabricated  with  powder  prepared  in  a  similar 
manner  to  that  employed  for  this  forging.  Hot  pressed  billet  1851  contained 
1#  MgO  and  was  the  powder  prepared  by  a  special  milling  technique.  This 
milling  technique  has  been  shown  to  give  higher  fracture  surface  energies 
and  higher  strengths  for  reasons  that  are  not  understood. 35  Similar  results 
are  noted  in  Table  XIV,  thus  a  comparison  of  billet  1771  yith  1851  is  not 
totally  valid.  It  is  interesting  to  note  the  higher  impact  strength  and 
lower  bend  strength  at  13l6°C.  A  comparison  of  the  properties  of  1771  with 
1810  again  shows  that  the  13l6°C  impact  strength  was  somewhat  higher  for  the 
forged  billet.  Both  the  S3°c  and  1316°C  strengths  were  lower  for  the  forged 
billet;  however,  the  1Q93°C  strength  may  be  Judged  to  be  equivalent  to 
either  billet  lolO  or  1851.  Attention  is  called  to  the  fact  that  forged 
billet  1771  was  only  95$  dense  vhereas  the  other  two  were  99$  dense.  In 
sumary,  it  appears  that  forging  holds  promise  in  terms  of  matching  the  low 
temperature  properties  of  hot  pressed  SijNj*.  At  13l6°C  a  low  bend  strength, 
together  with  a  high  impact  strength,  suggests  that  the  micros tructure 
texture  results  in  increased  plasticity.  Clearly,  further  work  to  delineate 
the  nature  and  usefulness  of  the  high  temperature  behavior  is  warranted. 

B.  Conclusions 

1,  SijJiii  can  be  press  forged  into  sound  dense  discs  or  hemispher¬ 
ical  shapes,  thus  the  process  appears  to  hold  promise  for 
application  to  this  material, 

2,  A  strong  micros trusturai  and  moderately  strong!  10.0 f  texture 
is  developed. 

3,  Press  forged  SijHh  exhibits  an  interesting  Interrelationship 
between  high  temperature  bend  and  impact  strength  which  warrants 
further  work. 


Canpd  rative  Strength  of  Billet 


1851  -  Hat  Pressed  134.9  62.7  37.5  3.95  2.63  3«50 

It  MgO  -  Special  119.3  65-9  '  46.2 

Milling  -  3.1®  gjn/cc  116.4  52.1  41.1 


*73- 


VI,  REFERENCES 


1.  a)  W.H.  Rhodes,  D.J.  Sellers,  A.H.  Heuer,  and  T.  Vasias,  "Develop¬ 

ment  and  Evaluation  of  Transparent  Aluminum  Oxide,"  Nl/0-8986, 
Final  Report  (June  1967)* 

b)  A.H.  Heuer,  D.J.  Sellers,  and  W.H.  Rhodes,  J.  Am.  Ceram.  Soc., 

9,  *68  (1969). 

0)  A.H.  Heuer,  W.H.  Rhodes,  D.J.  Sellers  and  T.  Vasilos,  "Micro¬ 
structure  Studies  of  Polycrystalline  Refractory  Oxides," 
N0w-66-0506(d),  Summary  Report  (1967). 

d)  W.H.  Rhodes,  D.J.  Sellers,  R.M.  Cannon,  A.H.  Heuer,  W.R.  Mitchell, 
and  P.L.  Burnett,  '^iicrostructure  studies  of  Polycrystallir.e 
Refractory  Oxides,"  Contract  HQ0019-67-C-0336>  Summary  (1968). 

e)  W.H.  Rhodes,  P.F.  Jahn,  P.L.  Burnett,  '^Microstructure  Studies 

of  Refractory  Polycrystalline  Oxides,"  Contract  N00019-68-C-0108, 
(June  1969}. 

f)  W.H.  Rhodes  and  R.M.  Cannon,  "Microstructure  Studies  of  Refrac¬ 
tory  Palyerystalline  Oxides,"  Contract  H00019-69-C-0198, 

(December  1969)* 

g)  W.H.  Rhodes  and  R.M.  Cannon,  "Microatructure  Studies  of 
Refractory  Polycrystalline  Oxides,"  Contract  R0Q019-T0-C-0171. 

h)  W.H.  Rhodes,  P. D.  Berneburg,  and  R.M*  Cnnn  •  "Micron  tructure 
Studies  of  Refractory  Polycrystalliue  Oxides, "  Contract 
NG0O19-71-C-O325. 

2.  R.L.  Coble,  J.  As.  Ceram.  Soc.,  *2,  1*3  (19^2). 

3.  R.M.  Cannon  and  W.H.  Rhodes,  "Deformation  Processes  in  Forging 
Ceraaica,"  Summary  Report,  Contract  UA5W-21S7. 

U>  A.M.  Lejus,  Bull.  Soc.  Chin.,  pp.  2123  (IS62). 

5.  S.K.  Roy  and  R.L.  Coble,  J,  Am.  Certus.  Soc.,  £1,  1  (1968). 

6.  D.A.  Uryvuak  and  D.E.  Brurch,  J.  Opt.  Sci.  Aaer.  625  (1965). 

7.  "Optical  Properties  and  Applications  of  Linde  Cs  Sapphire," 

Technical  Bulletin,  Union  Carbide  Coi'p. 

8.  U.  Griee,  O.E.  Scott,  and  J.D.  Sibold,  Bull.  Aa.  Ceraa.  Soc., 

50,  962  (1971). 

9.  I.H.  Halitsen,  F.V.  Murphy,  Jr.,  and  W.S.  Rodney,  J.  Opt.  Soc. 
to.,  U8,  72  (1958). 

C.D.  Pears  and  K.  Starrett,  "An  Experimental  Study  of  the  Veibull 
Volume  Theory,"  AFML-TR -66 - 228 . 


10. 


-74- 


11.  D.L.  Vrooman  and  J.E.  Ritter,  Am.  Ceram.  Soc.  Bull.  49,  789  (1970). 

12.  E.B.  Shad,  J.  Am.  Ceram.  Soc.,  48.  43  (1965). 

13.  H.P.  Kirchner,  R.M.  Gruver,  -  Walker,  J.  Am.  Ceram.  Soc..  56. 

17  (1973).  — ' 

14.  R.J.  Charles  and  R.R.  Shaw,  ''Delayed  Failure  of  Polycrystalline 
and  Single  Crystal  Alumina,"  Ge:  ral  Electric  Report  Mo.  62-RL- 
3081M. 

15.  B.J.  Hockey,  Proc.  Brit.  Ceram.  Soc.,  20,  95  (1972). 

16.  R.  Rice  and  P.F.  Becher,  Am.  Ceram.  Soc.  Bull,,  50,  374  (1971). 

17.  E.M,  Passmore,  R.M.  Spriggs,  and  T.  Vasilos,  J.  Am.  Ceram.  Soc.. 

48,  1  (1965). 

18.  R.M.  Spriggs,  J.B.  Mitchell,  and  T.  Vasilos,  J.  Am.  Ceram.  Soc., 

47,  323  (1964). 

19*  R.W.  Ri?-,  Proc.  Brit.  Ceram.  Soc.,  20,  205  (1972). 

20.  a)  Carniglia,  S.C.,  J.  Am.  Ceram.  Soc.,  48,  580  (1965). 

b)  Carniglia,  S.C.,  Am.  Ceram.  Soc.  Bull.,  5£,  184  (1971). 

21.  G.D.  Swanson,  J.  Am.  Ceram.  Soc.,  55,  48  (1972). 

22.  P.L.  Gutshall  and  G.E.  Gross,  Eng.  Fract.  Mech.  1,  463  ( 1969) . 

23.  G.D.  Swanson  and  G.E.  Gross,  J.  Am.  Ceram.  Soc.,  51,  602  (1968). 

24.  L.A.  Simpson,  J.  Am.  Ceram.  Soc.,  56,  7  (1973). 

25.  R.W.  Rice,  Proc.  Brit.  Ceram.  Soc.,  12,  99  (1969). 

26.  R.C.  Rossi  and  R.M.  Fulrath,  J.  Am.  Ceram.  Soc.,  48,  558  (1965). 

27.  R.L.  Coble,  J.  Am.  Ceram.  Soc.,  4^,  123  (1962). 

28.  J.B.  Huffadine,  A.J.  Whitehead,  and  M.J.  Latimer,  Proc.  Brit. 

Ceram.  Soc.,  12,  201  (1969). 

29.  R.M.  Spriggs.  T.  Vasilos,  and  L.A.  Brissette,  Mat’l.  Sci.  Res., 

3,  313  (1966). 

30.  G.  DeMRria,  J.  Drowart  and  M.G.  Inghram,  J.  Chem.  Phys.,  30,  318 
(1959). 

31.  P.C.  McRae,  Bull.  Am.  Ceram.  Soc.,  48,  559  (1969). 

32.  D.  Sellers  and  J.E.  Niesse,  "The  Development  of  Hot  Pressed  Alumina 
for  Gas  Bear:'  g  Applications, "  Final  Report,  Contract  M00030-66-C- 
0189  (28  February  1969). 


-75 


33»  R.L.  Coble,  "Pinal  Stage  Sintering:  Atmosphere  Effects,"  Phys.  of 
Sintering,  l/3  FI,  (19&9). 

34.  W.H.  Rhodes,  and  R.M.  Cannon,  Jr.,  "High  Temperature  Compounds  for 
Turbine  Vanes,"  NASA-CR -120966. 

35.  F.F.  Large  and  G.R.  Terwilliger,  "Fabrication  and  Properties  of 
Silicon  Compounds,"  Final  Report,  Contract  N000-19-17-C-Q107. 

36.  E.  Butler,  Phil.  Mag.,  24,  829  (1971). 


